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ABSTRACT 
Dissolved polysaccharide (PCHO), mor.osaccharide (MCHO) and total 
carbohydrate (TCHO) have been determined at two to four hour intervals 
in three marine er.viroriments, and related to several other chemical 
and biological parameters, to study the dynamics and biological 
interactions of dissolved carbohydrate (CHO). 
Six vertical CHO arid dissolved organic carbon (DOC) profiles from 
a preliminary study across the North Atlantic were compaired with 
those of particulate ATP (<3 um and >3 um size fractions), chlorophyll 
~. phaeopigmer.ts and dissolved oxygen. Carbohydrate peaks were 
associated with accumulations of >3 um orgariisms which were low in 
chlorophyll~. possibly indicative of collections of protozooplar.kton. 
A total of ten follo~ up diel studies in ari er.closed salt marsh 
and a 13 m3 simulated estuarine ecosystem (MERL tarik) show 
evidence of biologically mediated CH0 fluctuations. During five of 
the six marsh studies, PCHO ur.derwerit periods of sustained 
accumulation commericir.g in the late morning or early afternoon and 
cor.tir.uirig through at least two sampling periods into the early 
evening. Accumulations during this time period seem to be related to 
the rate of primary production. They may result from the release of 
recently synthesized PCHO from phototrophs since their magnitude was a 
significant multiple linear function of daily solar radiation and mean 
daily temperature for the six studies spanning all seasoris. Similiar 
periods of sustained release were not found in the MERL tank but a 
significant direct correlation between the rates of change of PCHO and 
phaeopigmer.ts iri the combined data from all four tank studies suggests 
that zooplanktor. excretiori was an importarit source of PCHO. 
Bacterioplankton counts and PCHO levels, in one study, varied directly 
in the late morning and inversely through the afternoon and evening, 
indicating that the bacteria were active and able to respond rapidly 
and control the natural PCHO concentrations on a time scale of a few 
hours. 
Data from two stations in the western Sargasso Sea, sampled at 
three or four hour intervals while following a drogued buoy, indicate 
that in-situ CHO concentrations were closely related to the 
phototrophic nanoplankton (PNAN), heterotrophic nanoplankton (HNAN) 
and heterotrophic bacterioplankton (HBAC) populations determined by 
epifluorescence microscopy. Significant inverse correlations of PCHO 
and of TCHO with PNAN numbers were found in two diel data sets from 
off the Carolina coast. Off central Florida, TCHO and/or PCHO were 
significant multiple linear functions of PNAN, HBAC and sometimes HNAN 
counts. Partial regression coefficients for PNAN and HNAN were always 
negative and positive, respectively. HBAC was not consistent in this 
respect but inverse relations dominated. 
Very similiar relationships were found during a similiar drogue 
study in the Caribbean Sea. Significant inverse relations between 
PCHO and PNAN levels and between their apparent rates of change were 
found in the combined data from five diel studies. These correlations 
may reflect an inverse relation between the rates of cell division and 
CHO excretion by PNAN. A similiar inverse diel relation between the 
accumulation rates of TCHO and cell numbers was found in a nutrient 
replete Isochrysis galbana culture grown under natural sunlight. 
Fluctuations in HBAC populations were inversely and directly related 
to the apparent rates of change of PCHO and MCHO, respectively. This 
appears to be partially due to bacterial extracellular enzymatic 
hydrolysis of PCHO to MCHO during periods of rapid bacterial 
reproduction,. however actual riet heterotrophic PCHO uptake by HBAC 
also occurred. The combined PNAN and HNAN or HBAC fluctuations 
accounted for a more significant proportion of the variation in the 
apparent rates of change of TCHO and PCHO than did any single 
population paramet~r, indicating that intimate interactions between 
these groups of planktonic microorganisms are important in the 
regulation of in-situ CHO in the C3ribbean as well as in the Sargasso 
Sea. 
Net hourly rates of in-situ TCHO release and uptake in the salt 
-1 -1 marsh frequently exceeded 40 ug CL h (maximum of 70 and 98 
ug C L- 1h- 1 for release and uptake respectively) in August, 
-1 -1 with rates up to 17 ug CL h in February. Lower rates were 
found in the MERL tank, with maximum TCHO release and uptake of 35 ug 
-1 -1 1 1 CL h in June and 5 ug CL- h- in February. 
Rate estimation from the open water measurements in the Sargasao 
and Caribbean Seas is tenuous because of the possibility of spatial 
patchiness. It is possible, however, that the observed CHO 
fluctuations in the Caribbean, primarily represent true temporal 
dynamics occurring in homogeneous water masses because sample sigma-t 
variations in each study were small and apparently unrelated to 
fluctuations in CHO or the populations of microbial plankton. There 
was no evidence of significant horizontal plankton patchiness. 
Assuming temporal dynamics, TCHO release and uptake rate~ averaged 7.4 
-1 -1 and 5.4 ug CL h with maximal values of 29 and 15 ug C 
-1 -1 L h , respectively. Away from the influence of shallow 
waters, the total net apparent TCHO flux over 3 days in the Caribbean 
accounted for 33 and 48 % of the total net apparent DOC releas.e and 
uptake, respectively. At one 48 h station with complete data, DOC 
release was 50% of net apparent primary productipn. 
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PREFACE 
This dissertation is written in manuscript form in accordance 
with the requirements of the Graduate School of the University of 
Rhode Island and consists of three manuscripts and three appendices. 
The manuscripts containing unpublished data are intended for 
submission to Marine Biology. 
The overall intent of this work was to investigate the role of 
dissolved polysaccharide, monosaccharide and total carbohydrate in a 
marsh, a simulated estuarine ecosystem (MERL) and the open sea, by 
following their diel cycles with short interval time series sampling 
and comparing these patterns with several other chemical and 
biological parameters measured simultaneously. It was hoped that this 
effort would yield useful information on the trophic 
interrelationships affecting the biological release and uptake of 
dissolved carbohydrate as well as the net rates of these processes. 
Appendix I consists of two manuscripts published in Marine 
Chemistry by Johnson and Sieburth (1977) and Burney and Sieburth 
(1977) which give details of the carbohydrate analysis used in this 
work. A preliminary study in the open North Atlantic (published in 
Deep-Sea Research with K. M. Johnson, D. M. Lavoie and J. McN. 
Sieburth, 1979) which reports carbohydrate and ATP levels in vertical 
profiles and proposes biological explanations for the carbohydrate 
distributions, is included in Appendix II. 
The first manuscript (to be published with K. Johnson and 
J. McN Sieburth), combines results from a total of ten diel studies in 
a Rhode Island salt marsh and a 13 m3 seawater tank simulating 
Narragansett Bay (control tank No. 5 of the Marine Ecosystem Research 
vii 
Laboratory, MERL). Carbohydrate levels and rates of change are 
compared seasonally and between areas, and hypotheses are proposed on 
the factors controlling their fluctuations. 
The second manuscript (to be published with P. Davis, 
K. M. Johnson and J. McN. Sieburth) describes a study in the Sargasso 
Sea in which diel carbohydrate patterns are related to counts of 
phototrophic nanoplankton, heterotrophic nanoplankton and 
heterotrophic bacterioplankton by simple and multiple linear 
regression. The planktor, data accounted for significant fractions of 
the carbohydrate variance in four of the five data sets. 
Manuscript number 3 (to be published with P. Davis, K. M. Johnson 
and J. McN. Sieburth) reports a similiar studi in the northwestern 
Caribbean Sea. The relationships between in-situ dissolved 
carbohydrate and the plankton groups were very similar to those found 
in the Sargasso Sea. The Caribbean study incorporated refinements not 
present in the Sargasso Sea effort which allowed the estimation of 
possible open ocean release and uptake rates. The relationship of the 
microbiota to dissolved carbohydrate levels and fluctuations appears 
to be both intimate and very dynamic in both nearshore and open ocean 
waters. The apparent rates of release and uptake of dissolved 
carbohydrate as determined 




these studies far exceed the rates of 
the literature for 14c bottle 
viii 
TABLE OF CONTENTS 
DIEL MICROBIAL F UX OF DISSOLVED CARBOHYDRATE IN A 
SALT MARSH AND A SUMULATED ESTUARINE ECOSYSTEM. 
Abstract .................................................... 2 
Introduction ................................................ 4 
Materials and- Methods ....................................... 6 
Results .................................................... 10 
Discussion ................................................. 28 
.Acknowledgements ........................................ • ... 37 
Literature Cited ......... • .................................. 33 
DIEL DEPENDENCE OF DISSOLVED CARBOHYDRATE CONCENTRATIONS 
UPON THE POPULATIONS OF NANOPLANKTON AND BACTERIOPLANKTON 
IN THE WESTERN SARGASSO EA. 
Abstract ................................................... 47 
Introduction ............................................... 48 
Materials and Methods ...................................... 50 
Results .................................................... 55 
Discussion . ................................................ 70 
Acknowledgements ........................................... 76 
Literature Cited ........................................... 77 
THE DIEL RELATIONSHIPS OF MICROBIAL TROPHIC GROUPS 
AND IN-SITU DISSOLVED CARBOHYDRATE DYNAMICS IN THE 
CARIBBEAN SEA. 
Abstract ................................................... 85 
Introduction ............................................... 87 
Materials and Methods ...................................... 90 
ix 
Results .................................................... 95 
Discussion ................................................ 113 
Acknowledgements .......................................... 129 
Literature Cited .......................................... 130 
APPENDICES 
APPENDIX I: DETAILS OF THE CARBOHYDRATE ANALYSES ......... 14O 
Dissolved carbohydrates in seawater. I, A precise 
spectrophotometric analysis for monosaccharides. 
(K.M. Johnson and J.McN. Sieburth, 1977) .................. 142 
Dissolved carbohydrate in seawater. II, A spectro-
photometric procedure for total carbohydrate 
analysis and polysaccharide estimation. (C.M. Burney 
and J.McN. Sieburth, 1917) ................................ 155 
APPENDIX II: Dissolved carbohydrate and microbial 
ATP in the North Atlantic: Concentrations 
and interactions. (C.M. Burney, K.M. 
Johnson and J.McN. Sieburth, 1979) ........................ 169 
APPENDIX III: BIBLIOGRAPHY ............................... 195 
X 
THE DIEL FLUX OF DISSOLVED CARBOHYDRATE 
IN A SALT MARSH AND A SUMULATED STUARINE COSYSTEM 
2 
ABSTRACT 
The concentrations of total dissoved carbohydrate (TCHO), 
monosaccharide (MCHO) and polysaccharide (PCHO) were followed over a 
total of ten diel cycles in a salt marsh and a 13 m3 seawater tank 
simulating an estuarine ecosystem. Their patterns are compared to 
those of total dissolved organic carbon (DOC), total co2 , pH, 
I 
phaeopigments, solar radiation and 02 , chlorophyll 
bacterioplankton. During five of the six marsh studies, PCHO 
underwent periods of sustained accumulation which started in the late 
morning or early afternoon and continued through at least two sampling 
periods into the early evening. This accumulation, which may 
represent release of recently synthesized PCHO from phototrophs, was 
much reduced on a cloudy day in August and was a significant linear 
function of daily solar radiation and mean daily temperature. Similar 
periods·of sustained net PCHO release were not found in the tank 
' 
although more transitory PCHO pulses occurred during the night and may 
have resulted from zooplankton excretion because they often occurred 
with phaeopigment peaks. The combined data from the four tank studies 
showed a significant direct correlation between the rates of change of 
PCHO and phaeopigments. Bacterioplankton counts and PCHO levels 
varied directly in late morning and inversely throughout the afternoon 
and evening, indicating that the bacteria were active and able to 
respond rapidly to, and control the natural PCHO concentrations on a 
time scale of a few hours. MCHO fluctuated to a much lesser extent 
. than PCHO at both locations, with levels apparently maintained near 
the uptake threshold of the bacterioplankton. The overall mean CHO 
and DOC levels were two to three times higher in the salt marsh than 
3 
in the tank with concentrations in both systems generally highest in 
summer, lowest in winter, and intermediate in the fall samples. The 
mean contribution of TCHO to the total DOC vafied from 11.7% in the 
marsh (winter) to 26.4% in the tank (summer). Mean values above 20% 
in the tank occurred on days with elevated chlorophyll~ levels. Mean 
PCHO/TCHO ratios varied from 0.528 in the tank to 0.827 in the marsh. 
A significant positive correlation between PCHO and DOC was achieved 
in all but one of the marsh studies, but in none of the tank 
investigations. 
Rates of net TCHO release ranged from 85 to 520 ug C 
-1 -1 
L d in the marsh and 16 to 109 ug C L-\c
1 in the 
tank. Net TCHO uptake varied from 45 to 419 ug C L -1 d-1 and 
31 to 131 -1 -1 ug CL d in marsh and tank, respectively. For 
the salt marsh, TCHO accounted for from 9 to 33% of the net DOC 
release, 10 to 63% of the DOC uptake, 2 to 11% of net system 
production (based on CO2) and 2 to 12% of net system respiration. 
In the tank, the TCHO flux accounted for 4 to 101% of the daily DOC 
release, 7 to 92% of net DOC uptake, 2 to 17% of net production and 6 
to 29% of net respiration. 
4 
INTRODUCTION 
There is a growing realization of the importance of free-1iving 
bacteria in marine ecology (Sorokin, 1971a,b; Hoppe, 1976; Sieburth, 
1976, 1979; Sieburth et al., 1977; Larsson and Hagstrom, 1979). The 
vast majority of these bacterioplankters are not associated with 
particles but are free cells that utilize dissolved organic substrates 
(Williams, 1970; Azam and Hodson, 1977). Almost everything. known 
about the rates of supply and uptake of these materials comes from 
studies on the releas2 of 14c labeled organic substances by 
phytoplankton and on the uptake of 14c and 3H labeled 
substrates by bacteria. Both of these types of studies employ bottle 
incubations and other sample handling which mai introduce systematic 
errors or artifacts (Sieburth, 1979). 
Rates of supply and uptake of biologically important substances 
dissolved in seawater can be determined through direct analysis over 
diel cycles. Such studies can also provide information on the 
functional relationships of the different trophic components of the 
ecosystem when microbiological and chemical parameters are followed 
simultaneously. Dissolved carbohydrates (CHO) are important bacterial 
substrates which are released by phytoplankters and macrophytes 
(Hellebust,1974) and account for about 10 to 20% of the total 
dissolved organic carbon (DOC) in Narragansett Bay, RI (Burney and 
Sieburth, 1977). Previous studies (Collier et al., 1953; Walsh, 
1965) have demonstrated large diel CHO fluctuations in inshore waters. 
The purpose of this study was to estimate net CHO release and uptake 
rates and to look for evidence of biological regulation of the CHO 
dynamics using measurements made at 2 or 3 h intervals over diel 
5 
cycles from a New Englard salt marsh and a 5-m deep seawater tank 
designed to simulate the Narragansett Bay estuary. 
6 
MATERIALS AND METHODS 
The salt marsh sampling was conducted at a 6000 m2 marsh 
I 
embayment north of Bissel Cove on the West Passage of Narragansett 
Bay, Rhode Island. The area has been extensively described (Nixon and 
Oviatt, 1973; Nixon et al., 1976) .. The principle advantage of this 
location fo~ diel studies is that all tidal exchange with Bissel Cove 
can be blocked by plugging a culvert, thus trapping a water mass in 
which to conduct time series measurements. A tot3l of six 24-h 
samplings were conducted from shore near the culvert in the deepest 
part of the embayment (maximum of 1 m) on 13-19 August 1976 and 27-28 
February, 12-14 August, 30-31 August and 11-12 October 1978. 
The simulated estuarine ecosystem was control tank No. 5 of the 
Marine Ecosystems Research Laboratory (MERL) at the Narragansett Bay 
campus of the University of Rhode Island (Pilspn et al., 1977). The 
tank holds a 5-m column of seawater above a 30-cm layer of 
Narragansett Bay sediment. Seawater is pumped from the bay at a rate 
of 0.48 m3 d-l to replace the tank volume every 27 days and 
tidal resuspension of particulate matter is simulated by intermittent 
mechanical mixing. Four diel studies were conducted on 3-4 March and 
19-20 September 1977, 3-4 February 1978 and 6-7 June 1979. 
Samples were taken every 2 or 3 h from a depth of 1 min the tank 
and just below the surface in the marsh. For oxygen, total carbon 
dioxide (TC02) and pH analyses, BOD bottles were filled by 
bubble-free siphon from the tank and with a 50-ml syringe from the 
marsh. The bottles were overflowed by several volumes and stoppered 
without bubbles. Other samples were collected in clean glass bottles 
mounted on a Wheaton (Millville, NJ) extension sampler which allowed 
7 
them to be opened and closed below the surface to avoid contamination 
from the surface film (DiSalvo, 1973). The samples were shielded from 
direct sunlight and returned to the laboratory where processing 
commenced within 15 min. 
CHO and DOC samples were filtered by gravity through Gelman A/E 
glass fiber filters 0 into glass bottles and frozen at -30 C. 
filter holders were acid cleaned and pre-rinsed with sample. 
The 
About 
150 ml of sample was filtered and discarded before the aliquot for 
analysis was collected. All filters and sample bottles were 
precombusted at 450°c overnight. Monosaccharide (MCHO) was 
analyzed by the method of Johnson and Sieburth (1977). Total 
dissolved carbohyhdrate (TCHO) w~s determined, and polysaccharide 
(PCHO) estimated, according to Burney and Sieburth (1977). Four to 
six ieplicates were run for each analysis. Three to five DOC 
replicates p~r sample were analyzed by the wet persulphate method of 
Menzel and Vaccaro (1964) as modified by Kerr and Quinn (1975) using 
an Oceanography International ampule analyzer panel and a Beckman 
(Fullerton, CA) 315 infrared gas analyzer. After October, 1978, an 
Oceanography International (College Station, TX) total carbon system, 
model 254B, was used. The output of both analyzers was integrated 
with an Infotronics model CRS-208 automatic digital integrator 
(Columbia Scientific, Houston, TX). 
In the first two salt marsh studies, co2 flux was estimated 
from pH measurements (Corning model 101 digital electrometer, Corning, 
NY) by the Beyers (1963) method using empirical pH-CO2 curves 
obtained by titrating natural water samples with saturated co 2 
solutions. In later work, TC02 was determined directly by purging 
8 
acidified samples with nitrogen and determining co2 by infrared 
analysis using the same equipment as for DOC (Johnson et al., in 
prep.). Dissolved oxygen was determined by the Winkler method except 
in the first marsh study when a Yellow Springs (Yellow Springs, OH) 
model 51A oxygen meter was used. The manganous chloride and alkaline 
iodide solutions were added immediately to the Winkler samples in the 
field. 
In the MERL work, particulate chlorophyll a and phaeopigments 
were determined fluorometrically on 90% acetone extracts (Strickland 
and Parsons, 1968) using an Aminco (Silver Spring, MD) 
fluorocolorimeter. They were not determined in the marsh since 
plankton accounts f9r a small fraction of total system metabolism 
(Nixon and Oviatt, 1973). 
Salinity (American Optical, Keene, NH, hand refractometer) and 
temperature were recorded and integrated hourly solar radiation data 
from a roof-top pyrheliometer were provided by Eppley Laboratory in 
Newport, RI. For the last MERL study, suspended bacteria were counted 
using acridine orange staining and epifluorescence microscopy (Hobbie, 
Daley and Jasper, 1977). 
Net apparent daily rates of release and uptake of CHO, DOC, 
TC02 and o2 were calculated from the time series data by the 
single diurnal - curve method of Odum and Hoskin (1958). The 
calculation involves integration of the area under hourly rate of 
change plots. The positive area represents net input and the negative 
portion is proportional to net uptake. Hourly oxygen rates were 
corrected for atmospheric exchange using empirical reaeration 
constants of 0.28 and 0.012 ml o2 L-
1 h- 1 at 100% 
9 
saturation deficit, for the marsh and tank data, respectively (S. 
Nixon, personal commnication). Rates for TC02 were not corrected 
for atmospheric diffusion since this is insignificant relative to 
biological flux in areas of high productivity (Smith, 1973; Johnson 
et al., 1979). Oxygen flux was expressed in terms of carbon by 




Figure presents the results of four multi-parameter diel 
studies on the Bissel Cove salt marsh. Data from two less extensive 
observations in the marsh, made on consecutive days, show the effects 
of a cloudy and sunny day (Fig. 2). Figure 3 gives the results of 
four multi-parameter diel studies in the MERL tanks. To facilitate 
comparisons, a standardized time scale (abscissa) was used in these 
figures, with 12:00 noon centrally located. This causes a break in 
the curves with the right and left segments representing the first and 
second day of each study, respectively. Error bars representing plus 
and minus one standard error of the mean were plotted on the TCHO, 
MCHO, DOC, co2, o2 , chlorophyll ~ and phaeopigment curves. 
When no bar appears, the standard error was smaller than the plot 
symbol. Figure 4 illustrates the multiple linear relationships of the 
total TCHO and PCHO accumulations occurring between 1040 and 2000 
hours, with daily solar radiation and mean daily temperature, for the 
six marsh studies. Figure 5 shows the direct relationships of the 
rates of change of phaeopigment to TCHO and PCHO dynamics for the 
combined MERL data. Figure 6 compares bacterioplankton populations 
and PCHO concentrations in the June MERL study. The hourly rates of 
change of TCHO, PCHO and MCHO from six marsh diel cycles and four MERL 
ecosystem diel cycles are given in Figures 7 and 8, respectively. 
Table 1 lists the mean TCHO, PCHO, MCHO and DOC values (+one 
standard deviation) for each diel cycle and the overall values for 
both locations. The mean contributions of TCHO to DOC and of PCHO to 
TCHO are presented for each study in Table 2. Correlation 
coefficients and significance levels derived from the MCHO, PCHO and 
11 
DOC data are given in Table 3. PCHO and TCHO were always positively 
correlated (P<.005) except for the first MERL study where P=.052. The 
daily net apparent flux of CHO and DOC with total system net 
production and respiration estimates based on the o2 and co2 
data for both the salt marsh and MERL tank are summarized in Table 4. 
The daily net rates of TCHO release and uptake compared to those for 
DOC and co2 based production and respiration for both the marsh 
and MERL tank are gi ver1 in T.able 5. 
12 
Figure 1: Comparison of four multi-parameter diel studies on 
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Figure 2: Comparison 6f diel cycles of dissolved carbohydrates 
at.d DOC observed on consecutive cloudy and sunny days in the 







































































































• ~ ,&; >- .::
! 6
0 


































































































































































































































Figure 3: Comparison of four multi-parameter diel studies on 
the MERL simulated estuarine ecosystem (control tank No. 5). 
Continued on next page. 
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Figure 4: The total observed TCHO (closed circles) and PCHO 
(open circles) accumulation occurring between 1040 and 2000 hrs 
in the six marsh studies as a function of the estimated rates 
(EST) derived from multiple line8r relationships incorporating 
daily solar radiation (total rad,ly and mean daily 
temperature (T 0 c). 
relationship. 
The line represents a perfect 1:1 
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Figure 5: Correlations of the rates of change of PCHO and of 
TCHO to phaeopigment fluctuations in the combined data from the 
four MERL tank studies. Continued on next page. 
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Figure 5: Continued. 
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Figure 6: Comparison of the diel patterns of PCHO arid BAC in 
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Figure 7: Hourly rates of change of TCHO (filled circles), PCHO 
(open circles) and MCHO (triangles) for six diel cycles in the 































































































































































































































































































































































































































































































Figure 8: Hourly rates of change of TCHO, PCHO arid MCHO for 
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Table 1. Daily and overall means for CHO and DOC values(+ one 
standard deviation) obtained in the Bissel Cove salt 
marsh and the MERL tank diel studies. 
ug C L-1 
Survey Dates TCHO+SD PCHO+SD MCHO+SD DOC+SD 
Salt Marsh 
18-19 Aug 1976 920+100 613+ 80 307+47 6190+314 
27-28 Feb 1978 268-:;:-31 173-:;:-23 90+ 9 2310~)26 
12-13 Aug 1978 1009+ 41 793+ 40 216+10 5800+123 
13-14 Aug 1978 1096-:;:-84 910+121 186-:;:-50 6670-:;:-160 
30-31 Aug 1978 898-:;:-161 729-:;:-140 170+23 5000-:;:-541 
11-12 Oct 1978 755+ 30 587+ 25 168-:;:-9 4240+189 
MERL 
03-04 Mar 1977 284+ 16 150+ 14 134:t_12 1370+127 
19-20 Sep 1977 301+ 15 201+ 19 100+ 17 2413-:;:-256 
03-04 Feb 1978 1 85+ 11 126+ 9 59-:;:-6 1468-:;:-68 
06-07 Jun 1979 422+ 31 323+ 27 99+ 9 1597+ 41 
Overall 
Bissel Cove 849+ 81 655+ 80 194+30 5170+279 
MERL 308:t_ 20 212+ 19 95-:;:-8 1780+150 
Table 2. Daily arid overall meari coritributioris of TCHO to DOC 
arid of PCHO to TCHO iri Bissel Cove salt marsh arid 
the MERL tarik. 
Survey dates TCHO/DOC+SD PCHO/TCHO+SD 
Salt Marsh 
18-19 Aug 1976 .149+.013 .666+.038 
27-28 Feb 1978 . 117+.010 .664+.015 
12-13 Aug 1978 .174+.006 .786+.012 
13-14 Aug 1978 .164+.012 . 827+. 058 
30-31 Aug 1978 .179+.015 .810~.015 
11-12 Oct 1978 . 178+. 005 .778+.009 
MERL 
03-04 Mar 1977 .208+.020 .528+.038 
19-20 Sep 1977 .126+.013 . 688+. 035 
03-04 Feb 1978 . 126+.008 . 679+. 026 
06-07 Juri 1979 .264+.017 . 765+.019 
Ov~rall 
Salt Marsh .161+.023 .758+.071 
MERL . 181+.064 .677+.083 
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Table 3. Correlation coefficients arid levels of significance (one 
tailed t test) between MCHO, PCHO arid DOC. 
Survey Dates MCHO PCHO MCHO 
vs vs vs 
PCHO DOC DOC 
Salt Marsh 
18-19 Aug 1976. .1845 ri/s .6881 .010 .0957 ri/s 
27_:28 Feb 1978 .8590 .002 .8061 .004 . 7345 .012 
12-13 Aug 1978 -.0529 ri/s .5302 .031 .0843 ri/s 
13-14 Aug 1978 -.8246 <.001 .4200 ri/s -.4447 ri/s 
30-31 Aug 1978 . 8712 .001 .8973 <.001 .9905 <.001 
11-12 Oct 1978 .3981 ri/s .6857 .010 .7615 .003 
MERL 
--03-04 Mar 1977 -.2520 n/s -.4014 n/s .4516 ri/s 
19-20 Sep 1917 -.7312 .002 . 1839 r,/s .0721 ri/s 
03-04 Feb 1978 -. 1794 ri/s .3182 ri/s .1541 ri/s 
06-07 Jun 1979 .2510 ri/s .4574 ri Is . 5641 .022 
ri/s listed when P>.05 
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Table 4. Daily net apparent flux of CHO, DOC, o2 and TC02 expressed 
-1 -1 as ug CL d . 
Dates TCHO MCHO PCHO DOC 02 co~ 
R/U A/D A/D R/U P7R P/ 
Salt Marsh 
18 Aug 1976 293/419 114/215 285/310 907/964 2743/2974 2685/3411 
02 Feb 1978 88/65 25/20 68/50 1008/638 n n 
12 Aug 1978 189/214 22/51 186/182 620/610 n n 
13 Aug 1978 370/168 68/133 418/150 1559/359 n n 
30 Aug 1978 520/173 54;·12 468/173 1559/275 2027/4977 7540/5956 
11 Oct 1978 85/45 28/18 77/48 551 /176 2102/2550 3604/2823 
MERL 
03 Mar 1977a 39/31 27 /11 31/40 291/245 87/42 1657/495 
19 Sep 1977 54/87 32/24 63/105 1240/1190 107/267 n 
03 Feb 1978 16/40 10/20 22/36 174/184 69/89 n 
06 Jun 1979 109/131 25/43 112/117 108/143 348/273 624/456 
R/U= release/uptake, AID= accumulation/dissapearance 
P/R= production/respir~tion, a= 1ntegrated over 18 hrs only 
n= no data 
Table 5. Daily net TCHO rates as percentages of DOC flux and net 
aparent system production based on TC02 flux. 
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release of recently fixed PCHO. 
The recer.t photosyr.thetic origir. of the PCHO which accumulates 
through the afterr.oon in the marsh is ir.dicated, but the mechar.ism 
causir.g its extracellular release is unknown. Phytoplankton and 
macroalgae cor.tair. maximal cellular CHO levels in the afterr.oor. 
(Gibsor., 1978; Oohusa et al., ·1978) wher. a large proportior. of their 
photosyr.thate is incorporated into PCHO (Morris ar.d Skea, 1978). Its 
release during this time may be due to leakage or release of excess 
PCHO storage product. 
During two summer marsh· studies, periods of sustained PCHO 
release occurred in the morning from 0500 to 1100 hours (Fig. 1-C) and 
from 0100 to 0700 hours (Fig. 2-B). These early morning accumulations 
did not occur consistently and their source is unknown but they are 
probably caused by different processes than those responsible for the 
afternoon-evening PCHO peaks. 
The MCHO cycles in the marsh Figs. 1 and 2) show much smaller net 
fluctuations relative to PCHO. Simple sugars are usually not major 
extracellular products of algae (Hellebust, 1974) and are probably 
maintained at or near the threshold concentration for heterotrophic 
uptake by the bacterial populations (Jannasch, 1967). This threshold 
concentration seems to vary seasonally between 100 and 200 ug C 
-1 L in summer and about -1 50 ug CL in winter. The latter 
figure is similar to the minimum MCHO concentrations measured in the 
open North Atlantic (Burr.ey et al., 1979). 
In the MERL tank (Fig. 3), PCHO and TCHO did not show large 
excursions as in the marsh. With the possible exception of the June 
study (Fig. 3-D) there was a complete lack of the sustained afternoon 
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PCHO increases which were characteristic of the marsh. This may be 
due to lower total system net productiori it the tarik. 
In all MERL studies, there was some eviderice of a metazooplankton 
mediated release of PCHO with peaks occurririg duririg the riight. These 
transierit pulses may have beeri caused by either excretiori or the 
sloppy feedirig of zooplankton (Conover, 1966; Lampert, 1978; Burney 
et al., 1979). Phaeopigment accumulatioris resulting from herbivorous 
metazooplanktori grazing activity (Lorenzen, 1967; Shuman and 
Lorenzen, 1975) appeared with PCHO peaks at 2030 in the March study 
(Fig. 3-A) and at 2330 and 0300 in September (Fig. 3-B). Smaller 
PCHO, MCHO and phaeopigment peaks occurred at 2130 iri the February 
survey (Fig. 3-C). The ATP data in Fig. 3-A indicates a drop in the 
biomass of the >2 um size fraction that could have been caused by the 
killing of prey by metazooplankton, which was coinciderit with the PCHO 
and phaeopigment peaks at 2030. The highly significant direct 
correlations of the rates of ehange of PCHO arid TCHO with those of 
phaeopigments (Fig. 5) further indicates the importnnce of zoopl3nkton 
feeding and/or excretion on CHO dynamics in the tank. 
In the June MERL study the bacterioplanktori population also 
appeared to influence the PCHO levels although the relation was 
variable and the early morning relationship was non-significant 
(Fig. 6). Between 0830 and 1030, bacteria apparently grew in response 
to a pulse of PCHO, MCHO and DOC, but from 1230 until 2230, 
bacterioplankton counts and PCHO concentration were inversely related 
(r=-.856, P:.015). This indicates that the bacteria were highly 
active through most of the day arid were able to rapidly respond to, 
and possibly conrol, the concentration of natural PCHO substrates on a 
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time scale of a few hours. 
As expected, the overall mean CHO ar,d DOC cor,centratior,s (Table 
1) were two to three times higher ir, the salt marsh thar, in the MERL 
tank. Both systems also followed a seasonal pattern with the highest 
cor,centratior,s in summer, lowest ir, winter and intermediate levels in 
the fall samples, although MCHO ar,d DOC deviated slightly from this in 
the MERL tank. The overall cor,tribution of TCHO to the total DOC was 
significantly larger (P=.012) in the tank than in the marsh ever, 
though the September and February MERL values were lower than most of 
those from the marsh (Table 2). TCHO carbon accounted for more than 
20% of the DOC in the tank in the March and June surveys. The tank 
also cor,tained significantly higher chlorophyll~ concentratior,s on 
these dates ir,dicatir,g that the increased proportion of TCHO in the 
DOC may have beer, associated with the ir,creased phytoplankton biomass. 
The TCHO was composed primarily of PCHO in all studies (Table 2) which 
accounted for slightly over half to more than 80% of the total. 
Overall a significantly larger (P<.001) fraction of the TCHO was 
polymeric ir, the salt marsh than in the MERL ecosystem which agrees 
with the findings of Wheeler (1976) and the higher proportion of PCHO 
found near land in the North Atlantic (Burney et al., 1979). 
A significant (P<.05) positive correlation betweer, PCHO and DOC 
was achieved in all but one of the marsh investigations (Table 3) but 
in r,one of the MERL studies. Ir, the marsh, other organic comounds 
apparer,tly follow patterns of release and uptake similar to that of 
PCHO , while ir, the MERL tank other types of organic matter seem to 
fluctuate independently. MCHO showed no consistent correlation with 
DOC in either location, however sigr,ificar,t positive relatior,ships 
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occurred three times in the marsh and once at MERL. The factors which 
cause the apparent coupling of MCHO and DOC fluctuations in some 
instances and not in others remain obscure. The relation of MCHO to 
PCHO was also variable. When significance was achieved, the 
confidence levels were very high and some of the correlations were 
inverse. Inverse variations of these constituents occurred to some 
extent in all ten studies, regardless of the overall correlation 
coefficients (Figs. 7-8). This may be due in part to interconversion 
of PCHO and MCHO. PCHO can be converted to MCHO through bacterial 
extracellular enzyme hydrolysis (Khailov, 1968). Bacteria can also 
assimilate MCHOs and rapidly excrete large molecules made from them 
(Nalewajko and Lean, 1972; Dunstall and Nalewajko, 1975). Of course, 
interconversion cannot account for all of the opposite variation in 
MCHO and PCHO, especially when one increases more than the other 
declines. The effect could be due simply to variations in the 
differential rates of biological release and uptake of the two 
components. However, the possibility of interconversion affects the 
interpretation of the PCHO and MCHO rates. 
Table 4 and Figures 7-8 express net TCHO flux as rates of 
biological release and uptake assuming that non-biological processes 
are insigtificant on the time scales involved. The more general terms 
accumulation and disappearance are used for the MCHO and PCHO rates to 
include the possibility that they are affected by the conversion of 
one form to the other, as well as by true biological release and 
uptake. Hourly net TCHO uptake rates based on direct time series 
measurements (Figs. 7-8) suggest far greater in situ bacterial 
activity than is indicated by the kinetic, heterotrophic potential 
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approach (methods of Parsons and Strickland, 1962; Wright and Hobbie, 
1966). Maximum heterotrophic poter.tial uptake velocities (Vm) rarely 
-1 -1 exceed 1 ug CL h (see Hoppe, 1978) and actual rates (V) 
can be only to 10% of Vm (Crawford et al., 1974). We frequently 
found TCHO uptake rates exceedir.g 20 ug C L- 1 -1 h in summer 
and in the 5-10 ug C -1 -1 L h range in winter (Figs. 7-8). 
14 3 Studies measurir,g direct uptake of C or H labeled glucose 
(Dietz et al., 1976; Meyer-Reil et al., 1978) indicate maximum rates 
of 5 to 8 ug C L- 1 h- 1 from nearshore marine waters which are 
similar to the majority of our MERL data (Fig. 8). Daily rates of 
TCHO release and uptake in the salt marsh (Table 4) ranged from 85 to 
520 ug C ar.d 45 to 419 ug C -1 -1 L d , 
respectively, with lower rates in the fall and winter than in summer. 
Walsh (1965). calculated TCHO release equivalent to 265 ug C L- 1 
-1 d in a 2 m basin of a productive coastal pond (August) which is 
in the range of our summer values. Rates of PCHO accumulation and 
disappearance were 2.5 to 8.5 and 1.1 to 14.4 times greater than the 
respective rates for MCHO. TCHO flux in the MERL tank was 
considerably lower than in the marsh, ranging from 16 to 109 ug C 
L- 1 d- 1 for net, release and 31 to 131 ug C L- 1 d- 1 for 
net uptake. PCHO rates were again higher than those of MCHO but not 
by as much as in the m3rsh, with the former exceeding the latter by 
factors of 1.1 to 4.5 for accumulation and 1.8 to 4.4 for 
disappearance. 
In all cases, the sum of the rates of accumulation and 
disappearance of MCHO and PCHO exceed the corresponding rates of TCHO 
release and uptake. Sometimes the PCHO rates alone are greater than 
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the associated TCHO flux. This happens because the hourly TCHO rates, 
from which the daily values are calculated, are th~ algebraic sums of 
the hourly MCHO and PCHO rates (Figs. 7-8). When the latter values 
are of opposite sign, one or both of their absolute values must exceed 
that of their sum. 
The estimates of net daily production and respiration (Table 4) 
present a problem. Although several studies are in fair agreement, 
all of the values based on CO2 flux exceed (sometimes drastically) 
those based on o2 rates. This happened even in the last MERL 
survey and all of the marsh studies where TC02 (or pH) and o2 
showed the expected highly significant (P<.01) correlations. The 
discrepancy was greatest in the first MERL investigation (Fig. 4-A) 
where unknown processes caused o2 and co2 to vary directly 
through much of the study. With the possible exception of this case, 
we believe the values based on TC02 measurements to be more 
accurate since TC02 is less affected by atmospheric exchange 
(Smith, 1973; Johnson et al., 1979) than is oxygen. Tco2 rates 
do not require the assumption of photosynthetic and respiratory 
quotients for conversion to carbon units. This subject will be 
discussed in more detail elsewhere (Johnson et al., in prep.). 
In the salt marsh, net daily TCHO release accounted for 9 to 33% 
of the net DOC release and 10 to 63% of the DOC uptake (Table 5), with 
the largest fractions found in summer, smallest in winter, and 
intermediate values in fall. 
the net system production 
Net TCHO release amounted to 




estimated that from 14 to 44.9% of assimilated carbon was released as 
TCHO in Oyster Pond (summer), however his o2 based production 
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values were considerably lower, and his CHO method was less reliable 
than ours (Burney and Sieburth, 1977). We estimate that daily TCHO 
uptake accounted for 2 to 12% of the net system respiration in the 
marsh. 
The contribution of TCHO to the daily DOC flux showed extreme 
seasonal variability in the MERL tank (Table 5). TCHO accounted for 
from 4 to 101% of the net DOC release and from 7 to 92% of its net 
uptake. Values exceeding 1001 are possible and indicate that another 
important fraction of the DOC varied inversely with the TCHO over part 
of the study. This lack of a direct apparent coupling of the DOC and 
TCHO flux in the simulated estuary appears to indicate a functional 
dissimilarity between this system and the marsh. The June rates of 
net TCHO release and uptake in the tank (Table 5) constituted the 
largest fractions of the net production and respiration found in any 
of the studies at either location. The low molar ratios of nitrate 
plus ammonia to phosphate (0.5 to 2.6) in this study (Burney, 
unpublished) may indicate nitrogen limitation which is known to 
increase CHO excretion by phytoplankton (Myklestad and Haug, 1972). 
The multi-parameter diel sampling of confined water masses at 2 
to 3 h intervals can yield useful information on the interaction of 
ecosystem components as well as on their net rates of change. As 
discussed by Sournia (1974), the ecological significance of 
fluctuations over diel cycles may be at least as important as those 
over annual periods. This study sought to contribute to our knowledge 
of the role of dissolved organic matter in the sea by studying the in 
situ diel flux of one of its biologically labile constituents, 
dissolved carbohydrate. This approach has also been extended to the 
-
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open sea and reports are in preparation. 
37 
ACKNOWLEDGEMENTS 
I thank K.Johnson for analysis of the DOC, CO2 and some of 
the MCHO s~mples; J. Fontaine for the bacterioplankton counts, R. 
Heffernan for the ATP data arid S. Nixon for the loan of the culvert 
plug used in the marsh work. Oxygen and pigment data from the first 
MERL study were provided by S. Nixon and G. Vargo, respectively. J. 
K. Burney, P. Davis, J. Fontaine, G. Hammond, R. Heffernan, 
Johnson and E. Lessard assisted with field sampling. The comments 
and discussion of J. Sieburth, S. Nixon and M. Pilson are 
gratefully acknowledged. This work was supported by the Biological 
Oceanography Program of the National Science Foundation through grants 
OCE-7681779 and OCE-7826388 to J.McN. Sieburth. 
38 
LITERATURE CITED 
Azam, F., an~ R.E. Hodson: Size distribution and activity of marine 
microheterotrophs. Limnol. Oceanogr. 22, 492-501 (1977). 
Beyers, R. J. : The metabolism of twelve aquatic laboratory 
micro-ecosystems. Ecol. Monogr. 33, 281-306 (1963). 
and J.McN. Sieburth: Dissolved carbohydrates in Burney, C.M. 
seawater. II, A spectrophotometric procedure for total 
carbohydrate analysis and polysaccharide estimation. Mar. Chem. 
5, 15-28 (1977) 
Burney, C. M. , K. M. Johnson, D.M. Lavoie and J.McN. Sieburth: 
Dissolved carbohydrate and microbial ATP in the North Atlantic: 
Concentrations and interactions. Deep-Sea Res., 26A,1267-1290 
( 197 9) . 
Collier, A., S.M. Ray, A.W. Magnitzky and J.O. 
dissolved organic substances on oysters. 
Bell: Effect of 
U.S. Fish. Wildl. 
Serv. Bull. 84, 167-185 (1953). 
Conover, R.J.: Feeding on large particles by Calanus hyperboreus. 
In: Some contemporary studies in marine science, pp. 187-194. 
Ed. by H. Barnes. London: Allen and Unwin, 1966. 
39 
Crawford, C.C., J.E. Hobbie and K.L. Webb: The utilization of 
dissolved free amino acids by estuarin~ microorganisms. Ecology 
55 , 551 -56 3 ( 197 4) . 
Dietz, A.S., L.J. Albright and T. Tuominen: Heterotrophic 
activities of bacterioneuston and bacterioplankton .. Can. J. 
Microbiol. 22, 1699-1709 (1976). 
DiSalvo, L.H.: Contamination of surfaces by bacterial neuston. 
Limnol. Oceanogr. 18, 165-168 (1973). 
Dunstall, T.G. and C. Nalewajko: Extracellular release in 
planktonic bacteria. Int. ver. Theor. Angew. Limnol. Verh. 
19, 2643-2649 (1975). 
Gibson, C.E.: Field and l~boratory observations on the temporal and 
spatial variation of carbohydrate content in plank~onic 
blue-green algae in Lough Neagh, Northern Ireland. 
66, 97-115 (1978) 
J. Ecology 
Hellebust, J.A.: Extracellular products. 
biochemistry, pp. 338-863. Ed. 
In: Algal physiology and 
by w:D.P. Stewart. Berkeley 
and Los Angeles: University of California Press, 1974. 
Hobbie, J.E., R.J. Daley and S. Jasper: Use of Nuclepore filters 
for counting bacteria by fluorescence microscopy. 
Environ. Microbiol. 33, 1225-1228 (1977). 
Appl. 
40 
Hoppe, H-G.: Determination and properties of actively metabolizing 
heterotrophic bacteria in the sea, investigated by means of 
micro-autoradiography. Mar. Biol. 36,291-302 (1976). 
Hoppe, H-G.: Relations between active bacteria and heterotrophic 
potential in the sea. Netherlands J. Sea Res. 12, 78-98 
( 197 8). 
Jannasch, H.W.: Growth of marine bacteria at limiting concentrations 
of organic carbon in sea water. Limnol. Oceanogr. 12, 264-271 
( 1967). 
Johnson, K.M., C.M. Burney, and J.McN. Sieburth: Diel carbon 
dioxide variation as a measure of total system production and 
respiration in marine environments. (In prep.). 
Johnson, K.M. 
seawater. 
;:ind J.McN. Siebu_rth: Dissolved carbohydrates in 
I, A precise spectrophotometric analysis for 
monosaccharides. ~ar. Chem. 5, 1-13 ( 1977). 
Johnson, K.S., R.M. Pytkowicz and C.S. Wong: Biological production 
and exchange of oxygen and carbon dioxide across the sea surface 
in Stuart Channel, British Columbia. Limnol. Oceanogr. 24, 
474-482 (1979). 
Kerr, R.A. and J.G. Quinn: Chemical studies on the dissolved 
organic matter in seawater. Isolation 'and fractionation. 
41 
Deep-Sea Res. 22, 107-116 (1975). 
Khailov, K.M.: Extracellular microbial hydrolysis of polysaccharides 
dissolved in sea water. Microbiol. 37, 424-427 (1968) 




organic carbon by 
23, 831-834 (1978). 
grazing 
Larsson,~ .• and A. Hagstrom: Phytoplankton exudate release as an 
energy source for the growth of pelagic bacteria. Mar. Biol~ 
52, 199-206 (1979). 
Lorenzen, C.J.: Vertical distribution of chlorophyll and 
phaeopigments: Baja California. 
(1957). 
Deep-Sea Res. 14, 735-746 
Menzel, D.W., and R.F. Vaccaro: The measurement of dissolved organic 
and particulate carbon in seawater. Limnol. Oceanogr. 9, 
138-142 (1964). 
Meyer-Reil, L.A.,· R. Dawson, G. Liebezeit and H. Tiedge: 
Fluctuations and interactions of bacterial activity in sandy 
beach sediments and overlying waters. Mar. Biol. 48, 161-171 
( 197 8) . 
Morris, I., and W. Skea: Products of photosynthesis in natural 
populations of marine phytoplankton from the Gulf of Maine. Mar. 
42 
Biol. 47, 303-312 (1978). 
Myklestad, S., and A. Haug: Production of c~rbohydrates by the 
marine diatom Chaetoceros affinis var. Willei (Gran) Hustedt. 
I. Effect of the concentration of nutrients in the culture 
medium. J. exp. mar. Biol. Ecol. 9, 125-136 (1972). 
Nalewajko, C., and D.R.S. Lean: Growth and excretion in planktonic 
algae and bacteria. J. Phycol. 8, 361-366 (1972). 
Nixon, S.W., and C.A. Oviatt: Ecology of a Niw England salt marsh. 
Ecol. Monogr .. 43, 463-498 (1973). 
Nixon, S.W., C.A. Oviatt, J. Garber and V. Lee: Diel metabolism 
and nutrient dynamics in a salt marsh embayment. Ecology 57, 
740-750 ( 1976). 
Odum, H.T., and C.M. Hoskin: Comparative studies on the metabolism 
of marine waters. Publ. Inst. Mar. Sci., Univ. Texas 5, 
16-46 (1958). 
Oohusa, T., S. Araki, T. Sakurai, M. Saitoh, M. Kiri ta and T. 
Yamashita: The diurnal variations in the cell size, in the 
physiological activity and in the contents of some cellular 
components of Porphyra yezoensis F. narawaensis in cultivation 
ground. Bull. Japan Soc. Sci. Fish. 44, 299-303 (1978). 
43 
Parsons, T.R., and J.D.H. Strickland: On the production of 
particulate organic carbon by heterotrophic processes in sea 
water. Deep-Sea Res. 8, 211-222 (1962). 
Pilson, M.E.Q., G.A. Vargo, P. Gearing and J.N. Gearing: The 
Marine Ecosystems Research Laboratory: A facility for the 
investigation of effects and fates of pollutants. In: 
Proceedings 2d National Conference Interakency Energy/Environment 
R&D Program, pp. 513-516. Washington, DC, 1977. 
Saunders, G.W.: Carbon flow in the aquatic system. In: The 
structure and function of fresh~water microbial communities, pp. 
31-45. Ed. by J. Cairns, Jr. Blacksburg, VA: Virginia 
Polytechnic Inst. and State Univ. 1969. 
Shuman, F. R. , and C. J. Lore_nzen: Quantitative 
chlorophyll by a marine herbivore. 






Sieburth, J.McN.: Bacterial substrates and productivity in marine 
ecosystems. Ann. Rev. Ecol. Syst. 7i 259-285 (1976). • 
Sieburth, J.McN.: Se'.3 Microbes. 491 pp. New York: Oxford 
University Press, 1979. 
Sieburth, J.McN., K.M. Johnson, C.M. Burney and D.M. Lavoie: 
Estimation of in situ rates of heterotrophy using diurnal changes 
44 
in dissolved organic matter and growth rates of picoplankton in 
diffusion culture. Helgol. wiss. "1eeresunters. 30, 565-574 
(1977). 
Smith, S.V.: Carbon dioxide dynamics: A record of organic carbon 
production, respiration, and calcification in the Eniwetok reef 
flat commuriity. Limnol. Oceanogr. 18, 106-120 (1973). 
Sorokin, Y. I.: Bacterial populations as components of oceanic 
ecosystems. Mar. Biol. 11, 101-105 (1971a). 
Sorokin, Y.I.: On the role of bacteria in the productivity of 
tropical oceanic waters. Int. Revue ges Hydrobiol. Hydrogr. 
56, 1-48 (1971b). 
Sournia, A.: Circadian periodicities in natural populations of marine 
phytoplankton. Adv. mar. Biol. 12, 325-389 (1974). 
Strickland, J.D.H., and T.R. Parsons: A practical handbook of sea 
water analysis. 311 pp. Fish. Res. Board Can., Bull. 167 
( 196 8). 
Walsh, G.E.: Studies on dissolved carbohydrate in Cape Cod waters. 
II. Diurnal fluctuation in Oyster Pond. Limnol. Oceanogr. 10, 
577-582 ( 1965). 
Wheeler, J.R.: Fractionation by molecular weight of organic 
45 
substances in Georgia coastal water. Limnol. Oceanogr. 21, 
846-852 (1976). 
Williams, P.J.LeB.: Heterotrophic utilization of dissolved organic 
compounds in the sea. I. Size distribution of population and 
relationship beween respiration and incorporation of growth 
substrates. J. mar. biol. Ass. U.K. 50, 859-870 (1970). 
Wright, R.T., and J.E. Hobbie: Use of glucose and acetate by 
bacteria and algae in aquatic ecosystems. Ecology 47, 447-464 
(1966). 
DIEL DEPENDENCE OF DISSOLVED CARBOHYDRATE CONCENTRATIONS 
UPON THE POPULATIONS OF NANOPLANKTON AND BACTERIOPLANKTON 




Significant correlations between dissolved polysaccharide (PCH0) 
and total carbohydrate (TCH0) concentrations and components of the 
less than 20 um microbial plankton have been found at two stations in 
the western S~rgasso Sea. These were sampled at three or four hour 
intervals, over diel cycles while following a drogued buoy. An 
attempt was made to sample· on two pre-selected isotherms 
(approximating isopycnals) at each station. Significant inverse 
simple correlations of TCHO and PCH0 with phototrophic nanoplankton 
(PNAN) populations were found along both isotherms at a station off 
the Carolina coast. Off central Florida, TCH0 and/or PCHO were 
significant multiple linear functions of PNAN, heterotrophic 
bacterioplankton (BAC) and sometimes heterotrophic nanoplankton (HNAN) 
counts. Partial regression coefficients for PNAN were always negative 
and those for HNAN were positive. BAC was not consistent in this 
respect but the dominant trend was toward inverse relationships. The 
co~bined data from these two stations (n=34) produced very similar 
multiple linear relations. PNAN and sometimes HNAN excretion appear 
to be important sources of dissolved carbohydrate. No correlation 
between dissolved carbohydrate and any of the less than 20 um plankton 
components was found in the continental slope water entrained in a 
recently formed Gulf Stream cold core ring but a direct correlation 
between DOC and phaeopigments was found ~hich suggests a relationship 
between metazooplankton excretion and DOC release. 
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INTRODUCTION 
The bulk of the dissolved organic matter (DOM) in the open sea 
results from in-situ phytoplankton production (Duursma, 1961; Degens, 
1970). Although some controversy remains over the amounts, it appears 
that roughly 25% of phytoplankton production may enter the dissolved 
pool (Sieburth, 1976, 1979) through a combination of active excretion 
(Fogg, 1977), autolysis (Sharp, 1977) and the feeding and excretion of 
consumers (Lampert, 1978; Burney et al., 1979). Most of this 
material appears to be rapidly consumed by bacterioplankton (Larsson 
and Hagstrom, 1979). Because the producers, releasers and consumers 
are all members of the microbial plankton, it is reasonable to expect 
that a set of microbiological parameters could be identified which 
would account for a significant fraction of the DOM fluctuations 
observed in the field. Since a.large part of the total DOM consists 
of poly-condensed humic materials (Degens, 1970) which are not direct 
products of the phytoplankton and appear to be relatively resistant to 
bacterial attack (Williams, 1971), it is important to study a class of 
primary metabolites such as carbohydrates rather than the total DOC. 
The concentration of· total dissolved carbohydrate {TCHO) in 
natural waters is definitely influenced by in-situ biological 
processes. Levels decline during phytoplankton blooms and increase 
afterwards (Wangersky, 1959; Walsh, 1965a). TCHO and chlorophyll~ 
levels in Oyster Pond (Cape Cod, MA) were inversely correlated over an 
annual cycle wher. sampled ir. the morning at weekly intervals (Walsh, 
1966). A significant direct correlatior. was found between bacterial 
numbers (direct counts) and glucose concentrations in a seasonal study 
of waters overlying sandy beaches (Meyer-Reil et al., 1978). 
49 
Bacterial number and biomass were inversely related to glucose and 
fructose turnover times in a diel study in the Baltic (Meyer-Reil et 
al., 1979). but not with measured glucose or fructose concentrations. 
While these studies suggest the importance of particular groups 
within the microbial plankton, an integrated attempt to relate in-situ 
carbohydrate flux to plankton dynamics must consider the dominant 
phototrophic, phagotrophic and osmotrophic components of the microbial 
community, .because of their interdependence (Sieburth et al., 1978; 
Sieburth, 1979). In a preliminary study in the North Atlantic (Burney 
et al., 1979) vertical profiles showed TCHO peaks associated with 
accumulat~ons of >3 um sized microorganisms which were low in 
chlorophyll~• suggestive of protozooplankton, while profiles of 
bacterial sized ATP (<3 um) usually showed maxima at the depths of 
TCHO minima suggesting an inverse relationship. Biological processes 
affecting CHO flux in two coastal ecosystems have bee·n suggested 
(No. 1, this series). This report presents results of an oceanic diel 
study in which carbohydr~te concentrations are related by linear 
regression an~lysis to the dominant microbial populations of the three 
trophic groups, the heterotrophic nanoplankton (HNAN), phototrophic 
nanoplankton (PNAN), and heterotrophic bacterioplankton (BAC). 
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MATERIALS AND METHODS 
Niskin bottle samples, from the depths of two isotherms, were 
taken every 3 or 4 hover 24 or 48 h periods at each of three diel 
stations in the western North Atlantic (5-21 June 1977) while 
following a parachute drogued buoy (Volkmann et al., 1956) during R/V 
Endeavor Cfuise 009. Station 1 was located near the center of a Gulf 
Stream cold core ring. Station 2 was in the western Sargasso Sea off 
North Carolina and Station 3 was just east of the Gulf Stream off the 
coast of central Florida. These locations are shown in Fig. 1 with 
the diel stations 1, 2 and 3 corresponding to stations 4, 8 and 13, 
respectively, in the ship's log. Prior to the start of each diel 
study, multiple samples from a hydrocast through the euphotic zone 
were analyzed for dissolved oxygen, chlorophyll ~. phaeopigments, 
particulate ATP (<1 um) and dissolved monosaccharide (MCHO) in order 
to locate biologically active layers on which to conduct the diel 
investigations. The temperatures of each selected layer were 
determined. from a simultaneous Sippican (Marion, MA) expendable 
bathythermograph (XBT) profile. The depths of these isotherms were 
relocated by XBT prior to each sampling and Niskin bottles were 
vertically positioned by winch meter readings. Table gives ship 
positions at the beginning and end of each station, isotherm 
temperatures and biological characteristics for each sampled layer. 
The shallower and deeper· isotherms at each station are designated S 
and D, respectively. No data from station 1-D are presented due to 
accidental sample loss. By sampling on isotherms (approximating 
isopycnals) rather than isobaths, we attempted to monitor true 
biological dynamics rather than fluctuations caused by internal wave 
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passage (Denman, 1977). To clean the samplers and prevent neuston 
contamination, the Niskin bottles were scrubbed in N/10 HCl before 
each cast (Burney et al., 1979), rinsed rapidly by lowering to 200 m, 
and then raised to sampling depth and closed. 
Samples for carbohydrate and DOC analyses (100 ml) were 
immediately filtered by gravity though precombusted (48o 0 c, 12 h) 
Gelman glass fiber filt~rs into precombusted glass bottles and stored 
at -20°C for analysis ashore. The glass filter holders were 
soaked in N/10 HCl between casts and thoroughly rinsed with distilled 
water and at· least 100 ml of the next sample before reuse. Each 
sample was analyzed for MCHO in quintuplicate and TCHO in 
quadruplicate by the methods of Johnson and Sieburth (1977) and Burney 
and Sieburth ( 1977) , respectively. Polysaccharide (PCHO) 
concentrations were determined by difference. DOC was analyzed in 
quintuplicate by the method of Menzel and Vaccaro (1964) as modified 
by Kerr and Quinn (1975) using an Oceanography Intern~tional ampule 
panel and a Beckman 315 infrared co2 analyzer. 
Samples for bacterioplankton (BAC) and nanoplankton (NAN) 
. enumeration were passed through 20 um Nytex screen and stored in 2% 
formalin at 5°c for a maximum of two days. Aliquots were stained 
with a 0.1% (W:V) acridine orange solution (Hobbie, Daley and Jasper, 
1977) for 3 min in a 15-ml capacity Millipore filter chimney and then 
drawn through 0.2 um or 1.0 um Nuclepore filters prestained with 
irgalan black (Watsor, et al., 1977) for BAC or NAN counting, 
respectively. Cells on the filters were counted using an Olympus 
(Tokyo) Vanox epifluorescence microscope at 1000x for BAC and 400x for 
NAN. Phototrophic ninoplankton (PNAN) were enumerated by counting the 
autofluorescent cells in unstained preparatiqns. At least 300 cells 
were counted for each determination.· Numbers of heterotrophic 
nanoplankton (HNAN) were calculated from the difference between PNAN 
and the total acridine orange stained NAN counts. 
Chlorophyll~ and phaeopigments were determined fluorometrically 
on 90% acetone extracts (Strickland and Parsons, 1968) using an Aminco 
(Silver Spring, MD) fluoro-colorimeter. Particulate ATP which was 
passed and retained by 1 um and 0.2 um pore size Nuclepore filters, 
respectively, was analyzed at sea with a DuPont (Wilmington, DE). 
luminescent biometer and enzyme system (Burney et al., 1979). 
Salinity was determined by induction salinometer (Piessy model 6230N, 
San Diego, CA) and dissolved oxygen by the Winkler method (Carritt and 
Carpenter, 1966). Linear correlation and regression analysis was used 
to determine the relation of the biological data to each of the CHO 
and DOC variables. 
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Figure 1: The track of R/V Endeavor Cruise 009 showing all 
sampling locations. The diel stations 1, 2 and 3 in this report 
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Figures 2-6 present results from stations 1-S, 2-S, 2-D, 3-S and 
3-D. Figure 3 presents two consecutive 24 hr studies. Mean standard 
errors for the TCHO, MCHO and DOC analyses were 4.0 ~2.1, 2.7 ~1.5, 
and 56 +19 ug C -1 L ' respectively. Standard errors for the 
chlorophyll a and phaeopigment determinations averaged .01+.01 ug 
L- 1. For the PNAN, HNAN and BAC, mean valu~s +15% approximates 
99% confidence intervals based on a total count of at least 300 cells 
per determination (Cassell, 1965). DOC and TCHO curves were similar 
in all cases except for station 2-D and the last 24 h of station 2-S 
(Figs. 3-B ·and 4). None of the CHO or DOC data were significantly 
(P<.05) correlated with salin\tY but the TCHO-salinity relation in 
Fig. 1 (station 1-S) was significant at the .94 level. 
bacterioplankton numbers were on _the order of 108 L- 1 while 
PNAN and HNAN counts were on the order of 106 L- 1. All three 
Free 
groups showed substantial fluctuations except for BAC at station 1-S 
(Fig. 2). Figure 7 shows the direct relation of DOC and phaeopigment 
concentrations found only at station 1. Figures 8-14 illustrate 
simple and multiple correlations of TCHO and PCHO concentrations with 
PNAN, BAC and HNAN populations from both layers at stations 2 and 3. 
No significant correlations between these parameters occurred at 
station 1. Figures 8 and 9 show the relationships of TCHO and PCHO to 
PNAN at station 2-S and 2-D, respectively. The slopes were all 
negative and significantly different from zero (P<.05). Figure 10 
illustrates simple correlations of PCHO with PNAN and with BAC at 
station 3-S. Neither slope significantly differs from zero, however 
the multiple regression of PNAN and BAC on PCHO (Fig. 11) accounts for 
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a highly significant fraction of the observed PCHO variance. The 
partial regression coefficients for PNAN and BAC were negative and 
positive, respectively, and both were significantly different from 
zero (P<.05). Figure 12 illustrates the simple correlations of TCHO 
and PCHO with PNAN, BAC and HNAN at station 3-D. None of the 
individual relationships was significant, however multiple regressions 
including all three plankton groups (Fig. 13) accounted for over 90% 
of the observed PCHO and TCHO variance. Partial regression 
coefficients in both relationships were negative for PNAN and BAC and 
positive for HNAN. Similar relationships (excluding the absolute 
values of the regression coefficients) were found in the combined data 
from stations 2 and 3 (Fig. 14) except that the HNAN term was 
nonsignificant in the PCHO regression. Although these relationships 
were highly significant, they both tended to underestimate the 
observed TCHO and PCHO levels at high ~oncentrations and overestimate 
them at low concentrations. 
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Figure 2: Comparison of the diel cycles of dissolved 
carbohydrates and organic carbon with those of the microbial 
plankton and pigments at station 1-S (21.7
°
C isotherm).
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Figure3: Comparison of two consecutive diel cycles of dissolved 
carbohydrates and organic carbon with those of the microbial 
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Figure 4: Comparison of the diel cycles of dissolved 
oarbohydrates and organic carbon with those of the microbial 
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Figure 5: Comparison of the diel cycles of dissolved 
carbohydrates and organic carbon with those of the microbial 
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Figure 6: Comparison of the diel cycles of dissolved 
carbohydrates and organic carbon with those of the microbial 
plankton and pigments at station 3-D (24.6°c isotherm). 
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Figure 7: The direct relationship between DOC and particulate 
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Figure 8: The inverse relations of PNAN populations to TCHO and 
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Figure 9: The inverse relations of PNAN populations to TCHO and 
PCHO concentrations at station 2-D. 
400 
2 - 0.725 r -


















:c 100 ·, 
0 
Q. r2 =0.662 
50 P = 0.049 
0 .______,___...___.___.._~___, 
0 4 8 12 
P NAN { x 10 5 L-I) 
Figure 9 
65 
Figure 10: The relations of PCHO to PNAN and BAC populations at 
station 3-S. 
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Figure 11: The relation of observed PCHO concentrqtions to 
those estimated from the multiple regression of PCHO on PNAN 
(L- 1) 3nd BAC (L- 1) at station 3-S. The line represents 
the ideal 1:1 relationship. 
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Figure 12: The relatior.s of TCHO ar,d of PCHO cor.cer.tratior.s to 
PNAN , BAC ar,d HNAN populatior.s at statior, 3-D. 
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Figure 13: The relations of observed TCHO (filled circles) and 
PCHO (open circles) concentrations to those estimated from PNAN 
(L- 1), BAC (L- 1) and HNAN (L- 1) populations by their 
respective multiple linear regression equations at station 3-D. 
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Figure 14: The relationships of the observed TCHO (filled 
circles) and PCHO (open circles) concentrations to those 
estimated from the microbial plankton populations by their 
respective multiple linear regression equations for the ~ombined 
EN-009 data. The ·dotted line represents the ideal 1 : 1 
relationships. Solid lines are the least-squares regression 










































































































































































































































































By sampling along isopycnic surfaces (approximated by isotherms) 
while following the horizontal flow with a drogued buoy, it should be 
possible to measure purely temporal changes in dissolved CHO in a 
uniform water mass which would directly yield rates of microbial 
processes. Such temporal changes have been monitored in confined 
inshore systems (No. 1, this series), but even though there was some 
evidence of diel cycles at stations 2 and 3 (Figs. 3-6) where CHO 
maxima occurred only in the latter half of each day, we do not feel 
that the data in this study strictly warrant a temporal 
interpretation. Our method of vertically positioning the Niskin 
bottles was not precise enough to insure that the samples were 
actually collected from the exact isotherm depth given in Figures 2-6. 
Since all of these isotherms were in the thermocline, it is probable 
that our sampling crossed isopycnals and that the observed 
fluctuations primarily resulted from small scale heterogeneities 
maintained by vertical density gradients. 
Significant salinity fluctuations also occurred which indicate 
that different waters were sampled, however none of the CHO patterns 
show strong evidence of strictly conservative behavior (except 
possibly Fig. 2) and their concentrations should still be related to 
the distributions of the microbial. planktqn. The relationships 
reported in this study probably resulted from temporal interactions of 
the plankton, however the data (Figs. 2-6) c3nnot be considered true 
time series, but rather snapshots of small scale spatial distributions 
which resulted from these interactions. 
Several highly significant simple and multiple correlations 
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between TCHO and PCHO concentrations and microbial plankton 
populations were achieved at stations 2 and 3 but no combination of 
the NAN and BAC data produced any significant relations with any of 
the CHOs at station 1. This station was located in the center of a 
newly formed (late May) cold core Gulf Stream ring which consists of 
recently excised slope water with its characteristic biota (Wiebe et 
al., 1976). Since this study only considered the less than 20 um size 
plankton which dominate in the open sea (Chester, 1978), it is 
possible that we excluded important components of this slope community 
where larger organisms may be more important (Ryther, 1969). This may 
account for the failure of the microbial plankton data to account for 
a significant fraction of the CHO variance at station 1. The 
significant positive correlation of DOC with phaeopigments (Fig. 7) 
found only at station 1, is evidence for an important role of the 
larger zooplankton in DOC release because phaeopigments occur in their 
feces resulting from chlorophyll degradation during gut passage 
(Shuman and Lorenzen, 1975). Phaeopigment concentrations have been 
suggested as an index of zooplankton grazing pressure (Lorenzen, 
1967). Metazooplankton also release measurable DOC during feeding 
and/or excretion (Conover, 1966; Webb and Johannes, 1967; Lampert, 
1978). 
The highly significant relationships obtained at stations 2 and 3 
(Figs. 8, 9, 11, 13 and 14) strongly suggest that the less than 20 um 
microbial plankton actively regulate in-situ PCHO and TCHO 
concentrations in the western Sargasso Sea. The relationships also 
provide information on the function of the three trophic groups in 
this regulation. TCHO and PCHO were inversely related (P<.05) with 
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PNAN populations along both isotherms at station 2. Slopes of these 
relations were not significantly different from zero at station 3 
(Figs. 10 and 12), however PNAN was a significant negative term in the 
multiple regression equations relating the phototrophic and 
heterotrophic populations to TCHO and PCHO at station 3-D (Fig. 13) 
and to PCHO at station 3-S (Fig. 11). TCHO and PCHO were also 
functions of these plankton populations in the combined data from 
stations 2 and 3 (Fig. 14). Such inverse or partial inverse 
relationships at first seem strange because PNAN represent the 
dominant phototrophic biomass in oligotrophic seas and must be the 
original source of the CHO, however there is a well known tendency for 
slowly growing phytoplankton in culture to produce and release much 
more extracellular CHO than rapidly growing cells (Guillard and 
Wanger sky, 1958; Myklestad, 1977). Dissolved CHO declines during 
phytoplankton blooms and increases rapidly afterwards (Wangersky, 
1959; Walsh, 1965a, 1966). The association of higher TCHO and PCHO 
concentrations with lower PNAN numbers in this study could result from 
their increased rate of excretion at lower growth rates, when cell 
numbers decline due to ongoing predation. The combination of 
decreased excretion and higher growth rates m3y lead to relatively 
higher PNAN populations and a reduction in TCHO and PCHO due to net 
bacterial uptake. Unlike PCHO, simple sugars do not usually s~em to 
be major extracellular products of algae (Hellebust, 1974) which may 
explain the lack of significant relations between MCHO and PNAN. The 
magnitude of the TCHO and PCHO fluctuations relative to those of PNAN 
seem to preclude the possibility that these inverse relations are 
primarily due to spillage of PNAN cell sap due to autolysis and/or 
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zooplankt6n feeding because the maximum PNAN biomass (stations 2 and 
3) calculated from cell numbers using an average cell volume of 39 
um3 (3x5 um oblate spheroid) and the carbon to volume relation of 
Strathmann (1967), was less than 11 ug total cell carbon per liter. 
Dissolved TGHO fluctuations routinely exceeded this amount by several 
times. The inverse relationships may be taken as evidence for an 
important hetrotrophic mode for PNAN (Walsh, 1965b), however over 90% 
of the heterotrophic potential in marine waters is due to bacterial 
sized organisms which pass a 1 um Nuclepore filter (Azam and Hodson, 
1977). 
No significant simple correlations between BAG populations and 
any of the GHOs were found, but the BAG data did account for a 
significant fraction of the PCHO and TGHO variance in the multiple 
regressions (Figs. 11, 13 and 14). The signs of the partial 
regression coefficients were variable, being positive in the PGHO 
relationship from station 3-S (Fig. 11) and negative in both 
expressions at station 3-D (Fig. 13). At stations 2 and 3 
(Figs. 3-6), samples with elevated PCHO usually contained increased 
BAG populations (some major exceptions occur in Fig. 3), however some 
of the highest BAC counts were found in samples with relatively low 
PGHO concentrations (Figs. 4-6). This qualitative tendency for BAC to 
vary inversely with PGHO at some times and directly at others (which 
explains the lack of significant overall correlations), probably 
results from a lag in bacterial response to the release of PGHO. 
Initially, BAG divide in response to the increased substrate levels 
producing a direct relationship between their numbers and PGHO 
concentration. The BAC continue to divide and when the rate of uptake 
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of the population exceeds the rate of PCHO release, levels decline but 
the BAC population continues to increase, which produces the inverse 
fluctuations. The sign on the BAC terms in the regression equations 
depends on which of these effects dominated in the particular study. 
The BAC coefficients were negative in the expressions ~erived from the 
combined station 2-3 data (Fig. 14) indicating that the inverse 
relation dominates. Meyer-Reil et al. (1979) reported a significant 
inverse rank correlation between bacterial numbers and DOC 
concentrations during a diel drogue study in the Baltic. These 
relationships do not support the dormancy hypothesis for free living 
bacterioplankton (Stevenson, 1978). 
The simple correlations between HNAN and the CHOs were also 
non-significant (Fig. 12), but HNAN data made a significant positive 
contribution to the TCHO and PCHO relationships at station 3-D 
(Fig. 13) and to the TCHO expression in the combined data (Fig. 14) 
indicating that their excretion can contribute to CHO release. 
Micro-zooplankton consisting primarily of protozoa (Beers and Stewart, 
1969) in the HNAN size range, have been suggested as possible CHO 
release vectors in the North Atlantic (Burney et al., 1979). 
Although the existence of significant expressions describing PCHO 
and TCHO as functions of the populations of the less than 20 um 
phototrophic and heterotrophic microbial plankton in data combined 
from two Sargasso Sea stations separated by 300 nautical miles 
(Fig. 14) suggests that the underlying interrelationships may be 
rather widespread, the regression equations should not be used as 
general predictive models. Although the regressions explain a 
significant fraction of the PCHO and TCHO variance, estimates from 
75 
them deviate considerably from the observed values from which the 
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THE DIEL RELATIONSHIPS OF MICROBIAL TROPHIC GROUPS 
AND IN-SITU DISSOLVED CARBOHYDRATE DYNAMICS 
IN THE CARIBBEAN SEA 
ABSTRACT 
Dissolved' total carbohydrate (TCHO), polysaccharide 
85' 
(PCHO), 
monosaccharide (MCHO) and organic carbon (DOC) were determined at 3-h 
intervals over 5 diel cycles in the mixed layer of the northwestern 
Caribbean Sea while following a drogued buoy. These data have been 
compared to phototrophic and heterotrophic nanoplankton (2-20 um 
diameter) and bacterioplankton (0.2-2.0 um diameter) populations 
estimated by epifluorescence counts, as well as to TC0
2
, ammonium, 
phosphate, chlorophyll a and phaeopigment data determined 
simultaneously. 
Two apparently different types of diel CHO patterns were found. 
On three days when no sustained net total TC02 uptake was evident, 
TCHO and PCHO generally declined during the afternoon and early 
evening while MCHO tended to increase. Large evening TCHO and PCHO 
peaks with constant or declining MCHO levels were found on two other 
days when apparent sustained TC02 uptake occurred during the 
These TCHO and PCHO accumulations were apparently caused 
day. 
by the 
release of recently fixed PCHO from phototrophs. The cause of this 
day to day variation is unknown but may be related to differences in 
inorganic nutrient availability at dawn. 
Phototrophic nanoplankton (PNAN) populations were inversely 
related to PCHO concentrations and MCHO was directly correlated with 
heterotrophic bacterioplankton (HBAC) counts. The sample to sample 
fluctuations in PNAN were inversely related to the apparent rates of 
change of TCHO and PCHO. The rate of TCHO accumulation in a log phase 
Isochrysis galbana culture also varied inversely with the rate of 
change of cell numbers over a diel cycle under natural sunlight. It 
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is suggested that a similar inverse association between the rates of 
CHO excretion and cell division of the in-situ PNAN may account for 
the field relationships. Fluctuations in HBAC populations were 
inversely correlated with PCHO dynamics and directly related to MCHO 
variations. The latter relationship may be caused by the hydrolysis 
of PCHO to MCHO by extracellular enzymes during rapid bacterial 
growth. The inverse.relation between PCHO and HBAC dynamics appeared 
to be due to this hydrolysis as well as to net bacterial uptake. The 
combined PNAN and HNAN or HBAC fluctuations accounted for larger 
fractions of the variance in the apparent rates of change of TCHO and 
PCHO than did any single population parameter indicating that intimate 
interactions between the microbial plankton groups are important in 
the in-situ regulation of CHO dynamics. 
provides a secondary source of dissolved CHO. 
HNAN excretion probably 
Since sigma-t variations in each study were small and not 
significantly related to either CHO or microbial plankton population 
fluctuations, it seems possible that the observed CHO fluctuations 
primarily represent true temporal dynamics in a fairly homogeneous 
water mass. There was no evidence of significant horizontal plankton 
patchine~s. If temporal dynamics were observed, TCHO release and 
uptake rates averaged 7.4 and 5.4 ug C -1 -1 L h 
values of 
-1 -1 29 and 15 ug CL h , respectively. 
with maximal 
Away from the 
influence of shallow waters, the total net apparent TCHO flux over 3 
days accounted for 33 and 48% of the total net apparent DOC release 
and uptake, respectively. ~tone 48 hr station with complete data, 
daily DOC release was 50% of net apparent primary production. 
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INTRODUCTION 
To assess the importance of labile dissolved organic matter (DOM) 
in the food web of the open sea, it is necessary to understand the 
roles and in-situ interactions of the dominant plankton trophic groups 
in DOM release and uptake as well as the rates of these processes. 
Most of our information on DOM dynamics comes from studies on the 
extracellular release of 14c labeled DOM by phytoplankton (see 
Sharp, 1977) and on the uptake of radioactive substrates by bacteria 
(summarized by Hoppe, 1978). 
The 14c method for measuring dissolved organic excretion by 
phytoplankton has been questioned on technical (Sharp, 1977) and 
kinetic (Wiebe and Smith, 1977) grounds. Rapid bacterial uptake of 
the extracellular products may lead to underestimated release rates 
(Nalewajko et al., 1976). Confinement of natural populations in small 
bottles profoundly alters the composition of the microbial plankton. 
Especially susceptible are the phototrophic nanoplankton (PNAN) and 
heterotrophic nanoplankton (HNAN) (Venrick et al., 1977), which are 
the main producers and nutrient regenerators in oligotrophic seas. 
Since these plankton communities depend upon a delicate balance 
between productive and regenerative processes (Wangersky, 1977), any 
disturbance caused by confinement will upset this balance and lead to 
very unnatural estimates of both primary production and organic 
excretion rates. The severity of these confinement effects can be 
reduced by using larger bottles (Gieskes et al., 1979). 
Analytical and theoretical problems with the heterotrophic 
potential method for estimating bacterial activity (Parsons and 
Strickland, 1962; Wright and Hobbie, 1966) have been discussed by 
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Wright (1973). Especially suspect are the applicability of the 
Michaelis-Menten model to mixed bacterial communities (Krambeck, 1979) 
and the use of single substrates which may not reflect overall 
activities due to the presence of multiple substrate uptake systems 
(Wood, 1973). Total bacterial production estimated by epifluorescence 
microscopy in predator free diffusion chambers averaged up to 16 times 
14 the maximum net C-glucose uptake (Delattre et al., 1979). More 
recent radiotracer methods which do not employ the Michaelis-Menten 
kinetic treatment (Dietz et al., 1976; Meyer-Reil et al., 1978, 1979) 
provide a more realistic index of bacterial activity, however sample 
handling and confinement may still disturb the system and introduce 
artifacts. 
Information on the net flux of DOM and its biological 
interrelationships can be obtained from direct close interval time 
series sampling of the undisturbed environment. Rates of dissolved 
carbohydrate (CHO) release and uptake as well as some biological 
factors effecting in-situ CHO levels have been proposed from such 
studies on two inshore ecosystems (No. 1, this series). Diel drogue, 
studies in the Sargasso Sea (No. 2, this series) have provided 
information on the roles of the nanoplan~ton and bacterioplankton in 
open ocean CHO regulation. Because of the· possibility that this 
sampling was not precisely from along the intended isopycnals and that 
some of the observed CHO changes were due to small scale spatial 
inhomogeneities maintained by the vertical density structure, the data 
in the Sargasso Sea study were not used to calculate CHO release and 
uptake rates. 
The purpose of this study was to ascertain if relations similar 
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to those found in t-he Sargasso Sea also occur in the northwest 
Caribbean Sea and, by more careful attention to hydrography, obtain 
diel CHO data which are more likely to represent true temporal 
fluctuations occurring in a homogeneous water mass. Data are 
presented which show that all three trophic groups of microorganisms 
are- apparently involved in the regulation of CHO dynamics which can be 
sizeable. 
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MATERIALS AND METHODS 
Five stat.ions were occupied in the northwest Caribbean Sea 
(Fig. 1) during R/V Endeavor Cruise 033 (22 Feb. to 19 Mar. 1979). 
Niskin bottle samples from 15 m (stations 1-3) or 70 m (stations 4-5) 
depths were taken at 3 h intervals over 24 to 48 h periods while 
following a window shade drogued buoy. The depth of the mixed layer, 
which always exceeded 70 m, was determined at least every 6 h by 
Sippican (Marion, MA) model T-11 expendable bathythermographs 
during stations 4 and 5 (less frequently for stations 
(XBT) 
1-3). 
Temperature was determined either by XBT or by mercury thermometer on 
water pumped from sampling depth. 
Samples for carbohydrate 
gravity through precombusted 
and DOC analyses were filtered 
(450°c, 12 h) Gelman type A/E glass 
by 
fiber filters into precombusted glass bottles. Quadruplicate DOC 
aliquots were immediately drawn, sealed in ampules, and oxidized for 
analysis ashore by the method of Menzel and Vaccaro (1964) as modified 
by Kerr and Quinn (1975) using an Oceanography International (College 
Station, TX) total carbon system, model 0524B. Carbohydrate samples 
were frozen at -30°c until the end of each station when aliquots 
were analyzed in quadruplicate for MCHO and in hextuplicate for TCHO 
by the methods of Johnson and Sieburth (1977) and Burney and Sieburth 
( 1977), respectively, except . that 13 mm polypropylene liner less caps 
(Nalge, Rochester, NY) were used on the reaction tubes, replacing the 
previous teflon-lined, black phenolic plastic caps which caused gross 
contamination when the liners did not seal perfectly. PCHO was 
estimated as the difference in TCHO and MCHO concentrations, 
calculated as hexose. Water for TC02 analysis was immediately 
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drawn from the Niskin samplers by overflowing glass bottles by several 
volumes and stoppering without bubbles. TC02 was measured at sea 
by infrared analysis of the co2 purged by nitrogen from acidified 
samples. using the same equipment as for DOC. 
Samples for bacterioplankton and nanoplankton estimation were 
screened through 20 um Nytex mesh (Sterling Marine Products, Montclair 
NJ) and stored in 21 formalin at 5°c. At the end of each station 
aliquots were stained with 0.11 (W:V) acridine orange solution 
(Hobbie, Daley and Jaspers, 1977). Preparations for the enumeration 
of total nanoplankton (TNAN) and heterotrophic bacteria (HBAC) were 
filtered onto 1,0 and 0.2 um Nuclepore filters prestained with irgalan 
black respectively, and counted using an Olympus (Tokyo) Vanox 
epifluorescence microscope at 1000x for HBAC and 400x for TNAN. 
Phototrophic nanoplankton (PNAN) and phototrophic bacterioplankton 
(PBAC) were enumerated by filtering unstained sample aliquots as above 
and counting the cells made visible by the autofluorescence of their 
photosynthetic pigments. At least 300 cells were counted for each 
determination. Numbers of heterotrophic nanoplankton (HNAN) were 
estimated from the difference in TNAN and PNAN counts. HBAC data were 
not corrected for PBAC because HBAC exceeded PBAC by two orders of 
magnitude. 
Samples for ammonia and phosphate determination were frozen at 
-30°c and analyzed ashore on a Technicon (Tarrytown, NY) 
AutoAnalyzer II. Chlorophyll a and phaeopigment extracts were 
analyzed fluorometrically (Strickland and Parsons, 1968) at sea. using 
an Aminco (Silver Spring, MD) fluorocolorimeter. Salinity was 
determined by induction salinometer (Plessy model 6230N, San Diego, 
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CA). Incident photosynthetically active radiation (PAR) was recorded 
using a Lambda Instruments (Lincoln, NB) model 185 quantum sensor 
mounted on the ship in a position as free from shadows as possible. 
Stepwise regression analysis was used to relate the PNAN, HNAN, 
PBAC, HBAC and sigma-t data to each of the carbohydrates and DOC. 
Possible net apparent hourly rates of change for the carbohydrates and 
DOC were calculated from the time series data assuming that all 
fluctuations were purely temporal. Net daily fluxes were estimated 
using the single diurnal curve method of Odum and Hoskins (1958) by 
integration of the area under hourly rate of change curves. Only 
hourly rates calculated from analytically significant fluctuations (t 
test, P<.05) or significant overall trends were used. Non-significant 
hourly rates were replaced by zeros in the daily rate calculations. 
In order to determine if the observed relationships were 
experimentally verifiable, a series of observations were made with a 
a phagotroph in non-axenic laboratory culture. phototroph and 
Dissolved TCHO and cell numbers were followed in an early log phase 
culture of the prymnesiophyte Isochrysis galbana at 3 h intervals over 
a diel cycle. The culture was grown under natural sunlight in an east 
facing window in Guillard's (1963) f media (no TRIS) substituting 100 
uM NH4c1 for NaN03 
and omitting silicate. The effect of 
feeding by the marine scuticociliate Uronema marina on Isochrysis 
galbana in regard to CHO release and particulate phaeopigment 
production was also studied. Isochrysis was grown in f/2 media 
modified as above. When log phase commenced, the culture was divided 
into two 500 ml aliquots. One culture, and another bottle containing 
500 ml of seawater were inoculated with Uronema marina. All three 
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bottles received 20 uE -2 -1 · m s continuous incandescent 
illumination and were bubbled with sterile air stripped of ammonia by 
passing through a saturated zinc chloride solution. 
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Figure 1: Locations of the drifting drogued buoy stations 
occupied durir.g R/V Er.deavor cruise EN-033, February-March, 
1979. Statior. 1: start 24 Feb.,1630, end 26 Feb.,0730. 
Statior. 2: start Mar.,0630, er.ct 3 Mar.,0620. Statior. 3: 
start 6 Mar.,0600, end 7 Mar.,0700. Statior. 4: start 9 
Mar.,0600, end 11 Mar.,0600. 
er.d 16 Mar.,0600. 
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between the direction and magnitude of the sample to sample 
fluctuations rather than overall daily trends and are more meaningful 
in illustrating short term interactions. Significant inverse overall 
relationships were found between the rates of change of TCHO and PNAN 
(Fig. 7) and of PCHO and PNAN (Fig. 8). The points tend to cluster 
around the origins in these figures and the significance of the 
relationships depends on the more extreme values, however these points 
represent the largest and most significant fluctuations in the raw 
data (Figs. 2-4). Figures 9 and 10 show significant overall 
relationships of HBAC changes to those of PCHO and MCHO, respectively. 
HBAC varied inversely with PCHO fluctuations and directly with MCHO 
changes. Figure 11 presents the observed hourly TCHO fluctuations 
compared to those estimated from a multiple linear regression equation 
expressing TCHO dynamics as a function of the changes in PNAN and HNAN 
numbers. Partial regression coefficients for PNAN and HNAN were 
negative and positive respectively, and both were significantly 
different from zero (P<.05). Figure 12 illustrates the multiple 
correlation of PCHO fluctuations with those of PNAN and HBAC. Both 
partial regression coefficients are negative and significant (P<.05). 
Solid lines ir. Figures 11 ar.d 12 are the least squares regression fits 
to the data while the dotted lir.es represent the ideal 1:1 relations 
between observed and estimated values. 
Table 1 lists the possible values for daily net TCHO and DOC flux 
as well as net system production calculated from the significant 
downward TC02 trends, assuming that all of the observed variations 
(Figs. 2-4) represer.t purely temporal dynamics. 
The relatior.ship of Isochrysis cell counts and TCHO 
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concentrations in culture during a diel cycle under natural sunlight 
is shown in Fig. 13. Figure 14 illustrates the inverse correlation 
between the rates of change of TCHO and cell numbers in the same 
experiment. 
Data from the Uronema feeding experiment are shown in Fig. 15. 
Uronema grew logarithmically until day 8, reaching 107 cells per 
liter. The Isochrysis control culture remained in log phase until day 
12 and attained 7.25x10 9 cells per liter. TCHO concentrations 
were significantly (P<<.01) higher in the experimental (Uronema + 
Isochrysis) culture than in the Isochrysis control, in every sample 
following inoculation. TCHO remained consistently low in the Uronema 
control. The ciliates fed voraciously and decimated the Isochrysis 
culture, sharply reducing the chlorophyll.§!. concentrations but without 
producing particulate phaeopigments significantly in excess of 
Isochrysis control levels. 
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Figure 2: Comparison of the diel cycles of dissolved 
carbohydrates and organic carbon with those of microbial 
plankton, pigments and environmental variables for Station 1. 
Curves break at 2400 and are continued from 0000 hrs. Sampling 
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Figure 3: Comparison of the diel cycles of dissolved 
carbohydrates and org~nic carbon with those of microbial 
plankton, pigments and environmental variables for Station 4. 
A= Day 1, 9 Mar.,0600 to 10 Mar.,0600. B= Day 2, 10 Mar.,0600 
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Figure 4: Comparison of the diel cycles of dissolved 
carbohydrates and organic carbon with those of microbial 
plankton, pigments and environmental variables at station 5. A= 
Day 1, 14 Mar.,0600 to 15 Mar.,0600. B= Day 2, 15 Mar.,0600 to 
16 Mar.,0600. 
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Figure 5: The inverse relationship of PCHO concentrations to 















































































































Figure 6: The direct relationship of MCHO concentrations to 
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Figure 7: The inverse relationship between the sample to sample 
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Figure 8: The inverse relationship between PCHO and PNAN 
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Figure 9: The inverse relationship between PCHO and HBAC 
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Figure 10: The direct relationship between MCHO and HBAC 
fluctuations. Combined data, stations 1, 4 and 5. 
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Figure 11: Observed apparent hourly TCHO fluctuations compaired 
to those estimated (EST) from an empirical multiple linear 
regression equation expressing TCHO dynamics as a function of 
-1 the hourly changes in PNAN and HNAN numbers L . 
The solid line is the le~st squares regression fit to the 
data points. The dotted line represents the ideal 1 : 1 




















r2 = 0.221 
P =0.006 
• 





w -20 .___ ___ __.__  ...__  ____,_ _ ~ 
-20 -10 0 10 20 30 
OBSERVED flTCHO- C (µ-g C L-1 h-1) 
Figure 11 
108 
Figure 12: Observed apparent hourly PCHO fluctuations compaired 
to those estimated (EST) from an empirical multiple linear 
regression equation expressing PCHO dynamics as a function of 
-1 the hourly changes in PNAN and HBAC numbers L The solid 
line is the least squares regression fit to the data points. 
The dotted line represents the ideal 1:1 relAtionship between 
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Table 1. Net daily flux of TCHO, DOC and TC02 
(µg C L-ld-l) 
assuming purely temporal dynamics. 
Station: 1 4 5 
Day: 1st 1st 2nd 1st 2nd 
TCHO Release 47 53 9 61 112 
TCHO Uptake 51 30 29 85 71 
DOC Release 43 149 36 187 1 n 
DOC Uptake ll5 104 36 163 1 n 
TC02 Production 372 
2 372 n nt nt 
1No data available. 
2No consistent trend in the data. 
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Figure 13: The diel patterns of TCHO concentration (open 
circles) and cell numbers (ISO, closed circles) observed in a 
non-axenic log phase Isochrysis galbana culture compaired to the 
cycle of photosynthetically active solar radiation (PAR) 
recieved in an east facing window. 
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Figure 14: The inverse relation between the rates of change of 
TCHO concentrations and cell numbers in a non-axenic log phase 
Isochrysis galbana culture grown in an east facing window and 
sampled at 3 hr intervals over a diel cycle. 
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Figure 15: The influence of Uronema marina eating Isochrysis 
galbana on TCHO, chlorophyll~ and phaeopigment concentrations, 
as shown by observations on cultures of Isochrysis alone (ISO), 
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Highly significant CHO and DOC fluctuations were observed at all 
stations (Figs. 2-4). DOC patterns appeared to be unrelated to those 
of PCHO but were more similar to the MCHO curves in some cases 
(Figs. 2 and 4-A). Populations of PNAN and HNAN were r.ot 
significantly different at Stations 4 and 5, averaging between 3.7 and 
5.7 x 105 cells L- 1. Similar PNAN levels occurred at station 
1, but HNAN averaged over five times higher than at Stations 4 or 5, 
possibly due to the location of the first station just to the north of 
the shallow Mysteriosa Banks. This station also had significantly 
higher overall TCHO concentrations than the other areas and a nearly 
significant (P=.053) direct correlation between TCHO and HNAN. While 
this may indicate a direct influence of HNAN excretion on TCHO levels, 
it is possible that both parameters were elev~ted at station 1, due to 
the proximity of shallow waters. Populations of HBAC were generally 
on the order of 108 cells L- 1 but were significantly lower at 
station 4 (Fig. 3). PBAC numbers were two orders of magnitude lower 
than HBAC and were not related to any of the CHO concentrations. 
Ammonia was usually undetectable except for a few significant peaks. 
Phosphate was generally low but detectable and showed patterns similar 
to those of ammonia except at station 1. Overall, chlorophyll a 
concentrations averaged .09, .08 -1 and.12 ug L at stations 1, 4 
and 5, respectively, and was significantly higher at station 5. 
Chlorophyll~ was never significantly related to PNAN counts. Daily 
-1 phaeopigment levels averaged between .01 and.03 ug L and usually 
showed very small fluctuations. 
The small sigma-t fluctuations shown in Figures 2-4, which were 
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primarily due to small temperature variations probably caused by 
slight calibration differences in the XBT probes, indicate that 
essentially isopycnic water masses were sampled. None of the stations 
showed any significant (P<.05) relationships between sigma-t 
fluctuations and variations in any of the CHO concentrations or 
microbial plankton populations. This nonconservative behavior alone 
does not completely justify a temporal interpretation of these 
patches variations because phytoplankton can maintain distinct 
(Steele, 1976) which may sustain spatial CHO inhomogeneities, even in 
thoroughly mixed waters. However, there is no strong evidence that 
such patches were encountered. Patchiness need not be invoked to 
explain the PNAN fluctuations because the fastest apparent rates of 
increase in PNAN numbers correspond to one population doubling in 
three hours which is not unprecedented in oligotrophic seas (Sheldon 
and Sutcliffe, 1978). PNAN patches capable of maintaining horizontal 
gradients sufficient to account for the observed CHO data, should 
contain a distinctly higher biomass than the surrounding waters. 
Neither PNAN numbers or chlorophyll a concentrations alone are good 
biomass estimators, however they should vary directly with each other 
if large variations in PNAN biomass were experienced. The lack of a 
direct relationship between these factors probably reflects the 
independent temporal patterns of chlorophyll synthesis and cell 
division in the PNAN (Sournia, 1974) rather than patchiness. The 
diameter of a phytoplankton patch necessary to maintain its integrity 
against turbulent diffusion is usually placed in the 10-100 km range 
(Steele, 1974, 1976). The total linear distance covered by the 
drogued buoy during stations 1, 4 and 5 was just over 50, 100 and 25 
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km, respectively (Fig. 1). Therefore, if horizontal patches were 
encountered, their boundaries would have been crossed infrequently if 
at all. Such patches should also have been advected along with the 
drogued buoy. CHO pulses occurring on smaller spatial scales would be 
dissipated rapidly by turbulent diffusion. Calculations from Okubo 
( 1962) indicate that the peak concentration in a patch of a 
conservative tracer measured 5 min after a point source addition, 
would be reduced by three orders of magnitude during the next hour. 
In the absence of evidence suggesting that the data (Figs. 2-4) 
resulted from the sampling of spatial inhomogeneities, it seems 
possible that a substantial portion of the observed variation 
represents true temporal dynamics occurring in substantially uniform 
water masses. 
No single consistent diel CHO cycle was evident, however there 
are indications of two distinctly different patterns. Three days, 
shown in Figures 2, 3-8 and 4-A (which will be referred to as Type I 
days) show generally declining PCHO and TCHO levels from 1200 to about 
2100 hours. MCHO tended to increase during these periods and showed 
distinct peaks (Figs. 2 and 4-A) or higher than average concentrations 
(Fig. 3-8) in the early morning. TC02 fluctuated on Type I days 
(Figs. 3-8 and 4-A) but showed no consistent trends. Figures 3-A and 
4-8 (referred to as Type II days) were characterized by significant 
PCHO and TCHO accumulations in the afternoon and evening (Fig. 4-8 
also shows substantial morning accumulation) and extremely large net 
apparent reductions in TC02 during the daylight hours. MCHO 
either remained substantially constant or declined while PCHO was 
accumulating. 
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The origin of these two apparent types of CHO patterns is 
uncertain, however it is probable that the net PCHO accumulation on 
the Type II days was associated with the periods of net production 
indicated by the apparent TC02 uptake. The lack of coincident 
MCHO accumulations is not surprising since unlike PCHO, simple sugars 
are not usually major extracellular products of unicellular algae 
(Hellebust, 1974). Periods of PCHO accumulation through the afternoon 
and into the early evening were observed in five diel studies 
conducted during all seasons in a New England salt marsh. These were 
probably related to the rate of net primary production because net 
PCHO release was a significant function of total daily solar radiation 
and mean daily temperature (No. 1, this series). These two variables 
cannot explain the difference in CHO patterns on Type I and Type II 
days, nor are there consistent differences in the microbial plankton 
patterns. However, significant (P<.01) net apparent ammonium and 
phosphate uptake occurred between 0600 and 0900 only on the Type II 
days which may have triggered the increased net primary production 
leading to the release and net accumulation of PCHO. One Type I day 
(Fig. 4-A) shows apparent phosphate 
ammonium remained undetectable. On 
uptake 
Type 
during this time, but 
I days, bacterial uptake 
seemed to dominate the TCHO and PCHO patterns after 1200 hrs when no 
detectable net release occurred. The MCHO peaks on Type I days may 
have resulted from extracellular enzymatic hydrolysis of PCHO by 
bacteria (Khailov, 1968). This is discussed further below. 
The PCHO and TCHO peaks occurring after 1200 hrs in the Type II 
days are reminiscent of similar features observed in five of the six 
diel studies in the Sargasso Sea (No. 2, this series). There are also 
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other similarities between the results of this earlier open ocean 
study and the present data. The inverse correlation of PCHO 
concentrations with PNAN numbers shown in Fig. 5 is similar to the 
relationships found in two data sets from the Sargasso Sea off the 
Carolina coast. These relations were not significant at a second 
location off central Florida, however, significant (P<.05) inverse 
partial correlations relating PCHO to PNAN while holding HBAC (and in 
one case HNAN) constant, were found. The existence .of inverse 
relationships between PCHO and PNAN from two separate studies in the 
Sargasso and Caribbean Seas suggests that these associations may 
result from general processes in these oligotrophic areas rather than 
from local hydrographic conditions or the precise species composition 
of the plankton. 
The strong direct relationship between MCHO concentrations and 
HBAC populations in this study (Fig. 6) was not found in the Sargasso 
Sea (No. 2, this series) nor were the concentrations of dissolved 
glucose and fructose related to pl3nktonic bacterial numbers or 
biomass in a diel study in the Baltic (Meyer-Reil et al., 1979). Also 
unlike the Sargasso Sea study, no combination of PNAN, HNAN and HBAC 
population data from the Caribbean produced multiple correlations with 
any of the CHO fractions which were more significant than the simple 
correlations (Figs. 5-6). 
Additional significant simple and multiple correlations were 
uncovered when the sample to sample fluctuations of the CHOs were 
related to the variation in the plankton populations (Figs. 7-12). 
Values are plotted on a per hour basis for convenience. If the CHO 
fluctuations primarily represent temporal dynamics, the values on the 
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ordinates of Figures 7, 8 and 10 give the net apparent hourly flux of 
TCHO, PCHO and MCHO, respectively, however these relationships do not 
strictly depend on this interpretation as discussed earlier (No. 2, 
this series). 
Figures 7-12 indicate that a close association between dissolved 
CHO and the microbial plankton occurs in situ over short intervals. 
Figure 8 shows that the relation of PCHO to PNAN (Fig. 5) was 
primarily due to the between sample fluctuation of these parameters. 
A significant inverse correlation between TCHO and PNAN variations 
(Fig. 7) was found even though one did not exist when measured TCHO 
and PNAN levels were compared. These inverse relationships probably 
did not result from heterotrophic uptake of CHO by PNAN because over 
90% of the heterotrophic activity in marine waters has been attributed 
to free bacteria <1 um in diameter (Azam and Hodson, 1977). The 
nanoplankton observed in this study averaged 3x5 um. They also could 
not be primarily due to loss of cellular CHO during destruction of 
PNAN by grazing or autolysis because net TCHO accumulation far exceeds 
the net biomass reductions indicated by the PNAN counts. The maximum 
observed PNAN population (9x10 5 cells per liter) accounts for less 
than 8 ug cell C per liter using a mean cell volume of 39 um3 (3x5 
um oblate spheroid) and the cell volume to carbon relation of 
Strathmann (1967) for phytoplankton other than diatoms. 
Burney (No. 2, this series) suggested that the inverse (or 
partial inverse) correlations of TCHO and of PCHO with PNAN in that 
study could be primarily due to an inverse relation between the rates 
of cell division and CHO excretion by PNAN. There is usually a much 
smaller accumulation of extracellular CHO in logarithmic phase, 
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relative to stationary phase phytoplankton cultures (Guillard and 
Wangersky, 1958; Myklestad, 1974, 1977). Dissolved CHO usually 
remains low during natural phytoplankton blooms and increases rapidly 
thereafter (Wangersky, 1959; Walsh, 1965, 1966). Figure 13 indicates 
that a similiar relation between the rates of net TCHO release and 
cell division can also occur in a nutrient replete Isochrysis culture 
grown under natural sunlight and sampled at a much shorter interval 
than employed in these previous studies. TCHO concentrations declined 
slightly due to bacterial uptake during periods of rapid Isochrysis 
reproduction and accumulated only when the cell division rate slowed. 
Comparison of the rates of change of TCHO and cell numbers (Fig. 14) 
produced a highly significant inverse, and clearly temporal, 
relationship similar to the field results (Figs. 7-8), suggesting that 
the latter may also represent time varying processes. 
Two additional processes should accentuate the inverse variation 
of PNAN and CHO in nature. When the rate of PNAN reproduction slows 
and the increased rate of CHO release causes its accumulation, ongoing 
consumption by phagotrophs should cause a net reduction in PNAN 
numbers which would accent the inverse variation between CHO and PNAN. 
Likewise, when PNAN are accumulating due to reproduction in excess of 
consumption, and conserving cellular CHO, net bacterial uptake would 
cause dissolved CHO to decline, producing the opposite inverse 
fluctuation. 
If the relations in Figures 7 and 8 actually resulted from this 
mechanism, the growth and division cycles of the dominant PNAN species 
must be roughly synchronous. Otherwise the inverse variation would be 
obscured by out of phase processes. Some sort of synchrony (except in 
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areas where tides prevail) seems to be rather common in nature 
(Sournia, 1974). At stations 4 and 5 (Figs. 3-4) PNAN populations 
seemed to increase from dawn, or the next sampling thereafter, until 
mid-afternoon. Smaller indications of possible PNAN reproduction also 
occurred in the early morning during day 1 of station 4 (Fig. 3-A) and 
day 2 at station 5 (Fig. 4-B). PNAN populations increased from 0130 
to 0730 hrs at station 1 (Fig. 2) on one day, but this was not 
repeated 24 hrs later. 
PNAN appear to play an important role, through their daily growth 
and division cycles, in the control of in-situ CHO dynamics, however 
they are clearly not the only important group assisting in this 
regulation. Strong relationships between the apparent rates of change 
of PCHO and of MCHO with HBAC fluctuations were 
(Figs. 9-10). The inverse correlation of PCHO and 




population and a labile substrate. A similar partial inverse 
correlation between PCHO and HBAC (holding PNAN constant) was found in 
the combined data from two Sargasso Sea stations (No. 2, this series). 
The reasons for the direct relations between MCHO and HBAC 
concentrations (Fig. 6) and fluctuations (Fig. 10) are more elusive. 
It is possible that HBAC populations followed MCHO levels or that MCHO 
limited HBAC numbers, but this does not seem reasonable because of 
their inverse relation to PCHO, whose concentrations averaged over 
twice those of MCHO. The inverse relation of PCHO and HBAC variations 
(Fig. 9) could be a reflection of the direct association of MCHO and 
HBAC changes (Fig. 10) caused by the inverse fluctuation of MCHO and 
PCHO. Overall rates of change of MCHO and PCHO were inversely related 
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(P=.044), however the relation between PCHO and HBAC fluctuations 
(Fig. 9) remained significantly inverse (P:,046) when their common 
associations with MCHO dynamics were removed. 
Both of the relationships in Figures 9 and 10 could be caused by 
extracellular enzymatic hydrolysis of PCHO by HBAC (Khailov, 1968) 
during their growth periods. Glucose accumulation during rapid growth 
of bacteria in batch cultures supplied with laminarin, indicating 
extracellular hydrolysis, have been observed (M. Baxter, personal 
communication). The times of PCHO reduction during the afternoon or 
evening on the Type I days (Figs. 2, 3-B, 4-A) show smaller coincident 
MCHO increases as well as HBAC accumulations. Declining 
concentrations during these times (especially in Figures 3-B and 
TCHO 
4-A) 
show that actual net bacterial uptake of PCHO also occurred in 
addition to their enzymatic conversion of PCHO to MCHO. 
As was sometimes the case in the Sargasso Sea (No. 2, this 
series), the fluctuations of TCHO and PCHO appeared to be more 
dependent on the interactions of the microbial plankton than on any 
single group. The rates of change of PNAN and HNAN combined to 
account for a significantly larger fraction of the variance in TCHO 
dynamics (Fig. 11) than did PNAN alone (Fig. 7). No significant 
simple correlation existed between TCHO and HNAN fluctuations, however 
HNAN made a significant positive contribution to the multiple 
relationship (Fig. 11) indicating that their excretion may be a source 
of in-situ TCHO. This has been suggested previously (Burney et al., 
1979; No. 2, this series). 
The HNAN are a heterogeneous group consisting of 




amoebae and small ciliates (Paul Johnson, personal communication). 
Figure 15 shows that a common marine ciliate (Uronema marina) can 
definitely accelerate TCHO release in Isochrysis culture. 
Phaeopigments have been suggested as an index of metazooplankton 
feeding and defecation (Lorenzen, 1967; Shuman and Lorenzen, 1975) 
because they occur in fecal pellets due to chlorophyll degradation 
during gut passage. Direct relationships of the rates of change of 
TCHO and of PCHO with phaeopigment fluctuations in a large simulated 
estuarine ecosystem (No. 1, this series) suggested that zooplankton 
excretion was an important source of dissolved CHO. The lack of 
similar field relations in the present study does not necessarily 
suggest that excretion by the protist dominated consumer populations 
(HNAN) may not contribute significantly to CHO levels, because Figure 
15 also shows that, in addition to accelerating TCHO release, a 
ciliate in culture can consume large quantities of chlorophyll a 
without producing particulate phaeopigments in excess of the control. 
The fluctuations of HNAN populations do seem to be of lesser 
importance in the regulation of CHO dynamics than those of PNAN and 
HBAC, however, the rates of HNAN excretion and reproduction may not be 
as closely coupled as the rates of CHO release and uptake appear to be 
related to the division rates of PNAN and HBAC. If this is true, the 
importance of HNAN excretion in this study may be underestimated. 
The fluctuations of PNAN and HNAN combined to account for a very 
significant fraction of the rate of change of PCHO (Fig. 12). The 
partial regression coefficients were both negative, as were the simple 
regression slopes, however the multiple relationship was more 
significant than either of the simple correlations. Although the 
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relationships in Figur~s 11 and 12 are significant, they are not good 
predictors of TCHO or PCHO rates since they tend to underestimate both 
the positive and negative fluctuations. This suggests that there are 
other factors which contribute to the control of CHO dynamics in 
addition to those considered here. 
Calculation of biological release and uptake rates from free 
water measurements is always tenuous because one is never certain 
whether the observed dynamics result from true temporal changes 
occurring in a uniform water mass or from the sampling of waters with 
different biological histories. The precautions of sampling from the 
mixed layer while following a drogued buoy were designed to minimize 
the latter possibility. The small sigma-t variation of the samples 
which were unrelated to CHO dynamics at all stations, and the apparent 
lack of interference by plankton patchiness suggests that homogeneous 
water masses may have actually been sampled. Assuming this to be 
true, net hourly TCHO release and uptake rates (represented on the 
ordinate of Fig. 7) averaged 7.4 and 5.4 ug C -1 -1 L h , 
respectively. Most values were less than +10 ug C L- 1h- 1, 




range were observed. Positive and negative PCHO and MCHO rates of 
change probably do not entirely represent true microbial release and 
uptake because of the possible extracellular bacterial hydrolysis of 
PCHO to MCHO. Bacteria can also excrete PCHO composed of recently 
assimilated MCHO (Nalewajko and Lean, 1972; Dunstall and Nalewajko, 
1975). Because of the possibility of this interconversion of MCHO and 
PCHO which complicates the interpretation of their rates (No. 1, this 
seres), they will not be discussed further. The net TCHO rates, 
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however, are not affected by this ambiguity and should represent 
microbial release and uptake, if the assumption of temporal variation 
is valid. 
The average rates of net TCHO uptake in this study exceed maximum 
open ooean heterotrophic glucose uptake velocities (Hoppe, 1978) 
measured by the heterotrophic potential method of Wright and Hobbie 
(1966), by at least two orders of magnitude and the total hourly 
organic carbon excretion rates ( 14c method) of offshore 
phytoplankton (summarized by Sharp, 1977) by at least one order of 
magnitude. The heterotrophic potential method suffers from several 
analytical and theoretical problems (Wood, 1973; Wright, 1973: 
Krambeck, 1979). This method was origionally intended to indicate 
only relative heterotrophic potential rather than actual bacterial 
uptake rates (Parsons and Strickland, 1962). Newer methods, which do 
not assume Michaelis-Mer.ten kinetics, indicate higher bacterial uptake 
rates. -1 -1 Glucose uptake of up to 5.2 ug CL h from nearshore 
waters in British Columbia (Dietz et al., 1976), 7.6 
-1 -1 L h from waters overlying a sandy beach (Meyer-Reil et al., 
1978) and 0.65 ug C -1 -1 L h from the open Baltic Sea 
ug C 
(Meyer-Reil et al., 1979) have been reported. These values may still 
underestimate true bacterial activities due to the system disturbance 
produced by sample handling and confinement. 
Shortcomings of the 14c method for measuring dissolved 
organic excretion by phytoplankton have been discussed (Nalewajko et 
al., 1976; Sharp, 1977; Wiebe and Smith, 1977). Severe alterations 
in the natural species composition of the plankton due to sample 
confinement during incubation (Ver.rick et al., 1977) may lead to very 
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artificial rate determinations, especially in oligotrophic areas. 
Time series analyses of in-situ DOM typically indicate much 
larger fluctuations than do the bottle methods. Barber (1967) 
-1 measured a 2.1 mg L DOC reduction over a five-day period while 
following a patch of recently upwelled water in the Peru Current which 
suggests an overall net heterotrophic uptake of 420 ug C 
L- 1d- 1 if this occurred in a homogeneous water mass. Data 
given by Brockmann et al. (1979) from daily analyses of 3 m3 
tanks of North Sea water indicate maximum TCHO release and uptake 
rates of about 70 ug C L- 1d- 1 which are similar to those 
reported in Table 1. Meyer-Reil et al. (1979) followed a homogeneous 
water mass in the Baltic Sea and reported diel changes in dissolved 
glucose and fructose suggesting uptake rates of up to 2.4 and 8.3 ug C 
-1 -1 L h , respectively. 
Daily rates of TCHO release and uptake calculated from the 
analytically significant hourly fluctuations (Table 1) averaged 56 and 
53 ug C -1 -1 L d , respectively, and exceed 14c . primary 
production values by at least an order of magnitude. Evidence from a 
number of diverse studies indicate that accepted open ocean production 
rates have been seriously underestimated. The standard 
14
c method 
for primary production (Steeman-Nielsen, 1952) has been recently 
challenged on the basis of detrimental small bottle effects (Gieskes 
et al., 1979) as well as in-situ diel oxygen (Tijssen, 1979) and 
particulate organic carbon (Postma and Rommets, 1979) dyr,amics. 
Bacterial production estimates from diffusion culture (Sieburth et 
al., 1977) and total system respiration (Joiris, 1977) exceed 14c 
production values in the North Atlantic and North Sea, respectively. 
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Production calculated from the underlying exponential growth rates of 
Sargasso Sea phytoplankt~n observed when grazing pressure is removed, 
is an order of magnitude greater than is indicated by the 14c 
method (Sheldon et al., 1973; Sheldon and Sutcliffe, 1978). Apparent 
co2 uptake on the Type II days in this study (Figs. 3-A and 4-B) 
-3 -1 both indicate a net system production of 372 mg Cm d which 
exceeds the total daily 14c production of the water column (per 
m2) of the area (Koblentz-Mishke et al., 1970). 
While this value appears impossibly high compared to accepted 
rates, the data in Table 1 show a degree of internal consistency. For 
station 4, where complete data are available (assuming zero net system 
production on day 2), mean daily DOC release accounted for 50% of net 
system primary production. This result is in the high end of the 
range of literature values (summarized by Sharp, 1977) for percent 
extracellular release (PER) determined with the 14c method. 
Higher PER values are characteristic of oligotrophic areas (Thomas, 
1971; Ignatiades, 1973). 
Two days (station 4, day 2, and station 5, day 1) showed apparent 
net DOC release and uptake with no sure indications of net primary 
production. The relatively sm3ll DOC release rate on the second day 
of station 4 (Table 1) is based on only one significant (P<.05) 
incremental DOC increase which m3y be erroneous or could represent 
release of DOC synthesized on (or before) the previous day. Net 
apparent DOC excretion during the first day of station 5 (Table 1), 
however was the highest observed. There were no indications of 
sustained Tco2 uptake on this day, however some 
fluctuations were analytically significant. If the apparent TCO2 
of its 
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reduction between 0600 and 0900 (Fig. 5-A) was due to primary 
production, it would represent fixation of 168 ug C -1 -1 L d 
which would bring net production within 19 ug C L-ld- 1 of net 
DOC release which could easily be accounted for by excretion of 
previously fixed carbon or analytical error. This would still result 
in a very high PER, however it should be possible for such plankton 
populations to release (or lose) virtually all of their net daily 
community production without ill effects because longer term energy 
storage is not important to these ephemeral organisms (Parsons, 1976). 
At station 1, net daily TCHO release appeared to slightly exceed 
that of DOC, but the discrepancy is well within methodological error. 
The large apparent proportion of the daily DOC release accounted for 
by TCHO may be due to benthic processes on the nearby Mysteriosa 
Banks. Away from the Banks (station 4 and the first day of station 
5), the combined net TCHO flux accounted for 33% of the combined net 
apparent DOC release and 48% of net apparent DOC uptake. Antia et al. 
(1963) reported that dissolved carbohydrate accounted for an identical 
33% of apparent extracellular DOC release from phytoplankton in a 
large volume plastic sphere. TCHO flux accounted for an average of 
301 of DOC release and 47% of DOC uptake on four summer days in a New 
England salt marsh (No. 1, this series). Maximum TCHO fluctuations 
accounted for a mean 49% of the apparent DOC reductions observed 
between diurnal and nocturnal hydrocasts in the North Atlantic 
(Sieburth et al., 1977). 
Results of this study indicate an intimate and dynamic 
interrelationship between open ocean microbial plankton and dissolved 
carbohydrate. The occurrence of relationships similar to those found 
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earlier in the Sargasso Sea suggests that they represent general 
processes of oligotrophic plankton communities rather than fortuitous 
local conditions or chance. It appears that in general the rates of 
DOC and TCHO flux based on direct in-situ measurements make sense when 
compared to each other and to similarly estimated primary production. 
While such high values must be viewed with due caution, they should 
not be rejected out of hand on the basis of massive data derived from 
studies employing the same basic methodologies (radio-tracers and 
bottle incubations) which may themselves by faulty. If anything 
approaching the rates suggested here actually occur in the open sea, a 
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ABSTRACT 
Johnson, K. M. and Sieburth, J. :McN., 1977. Dissolved carbohydrates in seawater. 
[, A precise spectrophotometric analysis for monosaccharides. i\Iar. Chem., 5: 1-13. 
142 
A relatively precise and rapid method for the analysis of total dissolved monosac· 
charides at the concentrations that occur in seawater is described which uses l·ml 
quantities for each analytical and control replicate. The alditols remain unchanged while 
the pentoses and hexoses are reduced to their alditol form by borohydride. The total 
alditols are then oxidized with periodate to form two moles of formaldehyde per 
mole of monosaccharide and the formaldehyde is determined spectrophotometrically 
with 3·methyl·2·benzothiazolinone hydrazone hydrochloride (:'-IBTH). Unlike other 
spectrophotometric methods, similar curves are obtained for equimolar concentrations 
of different carbohydrates while the differences on a weight basis are only due to the 
small difference in molecular weight between pentoses and hexoses. Winter-Spring 
samples from surface waters of lower Narragansett Bay ranged from 122 to 226 µg !"1 
with a mean of 159 µg !"1. 
INTRODUCTION 
Primary producers synthesize carbohydrates as energy, storage and 
structural materials, which are released during cell metabolism and disin-
tegration as fecal remnants. In order to stuciy the distribution of these 
compounds in the sea and to get an idea of their flux, a good starting point 
would be a precise and manageable procedure for total dissolved mono-
saccharides which would include the sugar alcohols and exclude the poly-
saccharides. 
The isolation of the trace amounts of carbohydrate from the salts in sea-
water as well as other problems such as multiple peaks and time required 
make gas chromatography with both trimethylsilyl {Ludlow et al., 1966) and 
acetylated { Sa wardeker et al., 196 5) derivatives as well as electrodialysis and 
liquid-liquid chromatography (Josefsson, 1970) impractical for routine 
observations. Existing spectrophotometric methods have three fundamental 
problems: the calibration curves vary with each carbohydrate {Schaefer, 
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1965); they do not detect sugar alcohols; and the use of strong acids (Lewis 
and Rakestraw, 1955; Antia and Lee, 1963; Handa, 1966; Josefsson et al., 
1972) includes the polysaccharides as well as interfering substances. 
A more precise spectrophotometric analysis of just the monosaccharides 
can be made by incorporating a series of well-established chemical procedures. 
Pentoses and hexoses dissolved in aqueous solution can be easily reduced to 
sugar alcohols with borohydride ( Abdel-Akher et al., 1951 ). Period ate oxida-
tion of the naturally occurring and newly derived sugar alcohols yields two 
moles of formaldehyde per mole of carbohydrate (Sawicki et al., 1967) while 
3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) can be used 
to determine low levels of formaldehyde in aqueous solution (Sawicki et al., 
1961). Levels of lCT5 moles of mannitol in serum were reported by Pays and 
Beljean ( 1970). The purpose of this paper is to show how the above chemical 
reactions have been developed into a total dissolved monosaccharide assay 
and to report values obtained from Narragansett Bay, Rhode Island, and 
adjacent waters. 
METHODS AND MATERIALS 
Surface samples of seawater used to develop the test and for the Narragan-
sett Bay survey were collected in alkali-cleaned bottles, filtered with Gelman 
Type A glass fiber filters \vith no vacuum or less than 10 cm of vacu11m and 
used immediately or held at -45°C. Both the sample bottles and filters were 
combusted at -190°C for 12 h before use. Water from the Narragansett :\larine 
Laboratory Pier used to develop the test has a salinity of 28-31 ' .. , and 
a total DOC content of 1.6-3.1 mg 1-1. Stock carbohydrate solutions of 
250 mgr I in distilled water containing 20 mg r I of mercuric bichloride 
as a preservative, were held at 5°C, and for use were diluted with seawater 
or distilled water and used in the range of 125-'.2500 µg r 1 . Some carbo-
hydrates were from Sigma Chemical (St. Louis, Mo.) and Pfanstiehl Labs 
(Waukegan, Ill.) but most of the final work was with products from Eastman 
Organic Chemicals (Rochester, N. Y.) and Schwarz/Mann (Orangeburg, 
N.Y.). The melting points of all carbohydrates and the specific rotation of 
mannitol were checked. 
All reagents were of certified grade from Fisher Scientific ( Bost.:rn, :\lass.) 
unless otherwi.se specified. Potassium borohydride (K&K Fine Chemicals, 
Plainview, N.Y.) solutions of 10-100 mg per 5 ml of cold distilled water were 
freshly prepared for each batch of samples. Hydrochloric acid was used at 
0.1, 0.36 and 2.0 N concentrations to destroy unreacted borohydride. Periodic 
acid (i\latheson Coleman & Bell, Norwood, Ohio) of 0.025 J/ was prepared 
with 57 g dissolved in 100 ml of distilled water and stored away from light 
at room temperature (rt). Sodium arsenite 0.25 iH prepared \vith 3.247 g 
dissolved in 100 ml of distilled water was used to destroy the unreacted 
periodate. The 5% solution of ferric chloride was filtered and stored at 5°C. 
The 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) reagent 
(Aldrich Chemical, Milwaukee, Wis.) was prepared by dissolving 276 mg in 
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10 ml of 0.1 N HCI with slight heating, filtered and stored in an amber bottle 
at rt for a week or until discoloration. MBTH from several other sources proved 
unsatisfactory. Combusted glass filters were used for all filtrations. All 
samples and reagents were dispensed with automatic pipettes ( Biopipet, 
Schwarz/ Mann) with disposable tips. Analytical determinations were made 
with an Hitachi Perkin-Elmer Coleman 111 Spectrophotometer with ~lode! 68 
and 80 digital concentration readout and printer (A. C. Thomas, Philadelphia, 
Pa.). Absorption spectra were determined on a Model 17 Cary recording 
spectrophotometer. Dissolved organic carbon determinations were made with 
a carbonaceous analyzer (Beckman Instruments, Fullerton, Cal.) modified 
for use with seawater. 
RESULTS 
.WBTH determination of formaldehyde liberated by periodate oxidation of 
monosaccharides 
The starting point for this work was the MBTH procedure of Pays and 
• Beljean (1970). One-ml portions of seawater supplemented with 10-s to 
10· 1 "W concentrations of carbohydrate in triplicate were oxidized with 
periodate and the formaldehyde produced was determined with :\lBTH 
according to their procedures except that higher absorption was measured 
at 635 nm (rather than 620 nm) and the 3-min heating step after :\'IBTH 
addition, of Sawicki et al. (1967), was used to improve reproducibility. The 
oxidation of mannitol in seawater was essentially complete after 5 min as 
shown by Table I, although the 10 min oxidation time was retained through-
out the work to insure completion. Regression lines for absorbance against 
concentration for three trials were: y = +0. 003 + 0. 227 x, y = +O. 001 + 0. 2-i0x, 
and y = +0.003 + 0.229x. The regression coefficients (r) ranged from 
0. 997-0.999 for seven concentrations between 0.25 and 2.5 mg i- 1 . These 
quantitative results were encouraging and the capability of the procedure to 
TABLE I 
Rate of periodate oxidation of mannitol in natural seawater, as indicated by the MBTH 





















Milli molar absorptivity of the MBTH reaction to formaldehyde formed by the periodate 
oxidation of alditols, hexoses and pentoses in seawater* 
Class ~o.of Absorbance * * st coefficient m(Icm- 1 ) 
compound determinations (635 nm) of variation(%) 
Alditol 
mannitol 6 0.568 0.014 2.4 115 
sorbitol ½-Hi 0 6 0.525 0.015 2.8 113 
dulcitol 6 0.515 0.018 3.4 105 
xylitol 6 0.6i3 0.020 2.9 114 
arabitol 6 0.655 0.019 2.9 111 
Ketohexose 
fructose 6 0.504 0.043 8.5 101 
sorbose 6 0.321 0.013 4.0 64 
Aldohexose 
galactose 6 0.152 0.085 55.9 30 
man nose 6 0.083 0.023 27.7 16 
glucose 6 0.072 0.016 2~.2 14 
Pentose 
arabinose 3 0.133 0.008 6.0 20 
xylose 3 0.083 0.008 9.6 14 
.. Samples contained 2.5 mg 1- 1 (approx. 5 • 10- 6 M) of test compound in seawater with 
a salinity of 2!r-31 0/00. 
** Corrected for control. 
determine other alditols as well as pentoses and hexoses was tested and the 
results are shown in Table II. The results for the alditols were quantitative 
but the pentoses and hexoses were incompletely oxidized as one might 
predict. 
The ability of other compounds to interfere with the reaction was tested 
at a concentration of 2.5 mg 1-1 in seawater. Compounds which yielded 
insignificant or no color with MBTH after periodate oxidation were formic acid, 
acetic acid, glycolic acid, glycine, alanine, phenylalanine, glutamic acid, 
aspartic acid, lysine, sucrose, trehalose, and alginic acid. Only serine showed 
a reaction, but at concentrations far in excess of concentrations to be ex-
pected in sea water. 
Effect of borohydride reduction on the J1BTH test 
In order to reduce simple sugars to sugar alcohols, an excessive amount of 
1 mg of potassium borohydride (in 0.05 ml of distilled water) was added to 
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the 1.0 ml portions of seawater containing carbohydrate. This amount of 
borohydride raised the pH of seawater from 8.0 to 9.6 but produced no vis-
ible precipitation. Reduction was carried out in an 18°C incubator and was 
complete within four hours. Before the next step, periodate oxidation, excess 
borohydride must be destroyed with 0.18 meq of HCl l0.05 ml of 0.36 N HCl) 
mr 1 of sample which yields a pH of 3.3-3.-1 upon the addition of periodate, 
virtually identical to the pH obtained when periodate alone is added to sea-
water. The results of the MBTH procedure, with and without prior reduction 
with borohydride, for a number of monosaccharides and other possibly 
interfering compounds, is given in Table III. Data from Sawicki et al. ( 1967) 
TABLE III 
Comparison of the millimolar absorptivities of the MBTH reaction to formaldehyde 
formed by the periodate oxidation of a variety of monosaccharides and other 
compounds with and without prior borohydride reduction 
Class Millimolar absorptivity 
compound* 
prior reduction without prior reduction 
(635 nm) 
(635 nm) 613-670 nm 
(from Sawicki, 1967) 
.-\lditol 
mannitol 110 (10)** 115 95 
dulcitol 94 (2)*** . 105 99 
sorbitol 103 (2) 113 106 
xylitol 111 (3) 114 101 
arabitol 113 (3) 111 110 
He:cose 
fructose 109 (2) 101 68 
sorbose • 105 (1) 64 
galactose 96 (2)*** 30 55 
mannose 103 (2) 16 8 
glucose 106 (5) 14 21 
Pentose 
arabinose 106 (1) 20 44 
xylose 107 ( 1) 14 35 
ribose 90 (2)**"' 11 43 
Deo::cy sugars 
2 deoxy galactose 64 (2) 44 
2 deoxy glucose 62 (2) 32 37 
fucose 61 (3) 14 44 
rhamnose 65 (1) 14 67 
Sugar acids 
gluconic acid 106 (5) 75 
glucuronic :icid 91 (4) 10 24 
(cont. next page) 
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prior reduction without prior reduction 
(635 nm) 
(635 nm) 613-670 nm 
(from Sawicki, 1967) 
Amino acids 
~ycine 0 <1 
alanine 0 <1 
aspartic acid 0 <1 
glutamic acid 0 <1 
phenyl alanine 0 <1 
1%ine 0 <1 
serine .n 25 0 
Misc. water soluble comp. 
"lycolic acid <l <1 <1 
methyl-D-glycoside 0 0 
inositol 1 
sucrose 3 3 8 
trehalose. 1 1 
maltose 79 8 
ethyl alcohol 0 0 
lactic acid 0 
formaldehyde 48, 56 
Combined results 
hexi tols 10 2 100 
hexoses 103 
pentoses 101 
pen ti tols 112 
deoxy sugars 63 
monocarboxylic sugar acids 99 
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* All test compounds made up to 2.5 mg i-1 in natural seawater. Final concentrations 
about 10- 6 Jf depending upon the molecular weight of the substance. 
** Figures in parentheses represent the number of times analysis was repeated. 
*** Same results obtained with compounds from 2 different sources. 
for the same compounds without prior reduction are given for comparison 
with our data. Borohydride reduction prior to periodate oxidation permitted 
the quantitative determination of pentoses, hexoses, and sugar acids as well 
as the sugar alcohols. With the exception of serine there was negligible inter-
ference from other compounds. Regressions of absorbance against concentra-
tion in both µM r 1 and mgr 1 for each sugar and sugar alcohol of the pentoses, 
hexoses, and deoxy sugars were made and the results for these standard curves 
are given in Table IV. Fig. 1 is a plot of the composite regression lines derived 
from Table IV showing the range of data points used for the calculation. The 
borohydride reduction step has the dramatic effect of increasing the precision 
7 
TABLE IV 
Characteristics of the analysis of monosaccharides in natural seawate.r by the MBTH 
·detection of formaldehyde released from the periodate oxidation of alditols and the· 
alditol derivatives of pentoses and hexoses after prior borohydride reduction 
Compound n* r Intercept Slope Slope 
abs/mg r 1 abs/µM 1-1 
Hexitol 
marinitol 7 0.999 +0.002 0.214 0.0392 
sorbitol 7 0.999 +0.001 0.199 0.0365 
dulcitol 7 0.999 +0.001 0.190 0.0347 
Hexose 
glucose 7 0.998 -0.002 0.209 0.0377 
glucose 7. 0.999 -0.002 0.218 0.0393 
galactose 7 0.999 +0.007 0.191 0.0344 
sorbose 7 0.998 +0.002 0.208 0.0376 
mannose 7 0.999 +0.001 0.204 0.0368 
fructose 7 0.999 -0.005 0.221 0.0398 
Pen tito/ 
xylitol 7 0.999 +0.002 0.244 0.0389 
arabi.tol 7 0.999 +0.003 0.256 0.0391 
Pentoses 
ribose 7 0.999 +0.0004 0.228 0.0347 
xylose 7 0.999 -0.004 0.265 0.0405 
arabinose 7 0.999 -0.0008 0.254 0.0388 
Values for composite lines in Fig.l 
(1) Pentoses and pentitols 35 0.996 -0.0005 0.252 0.0384 
(2) Hexoses and hexitols 62 0.996 +0.001 0.206 0.0371 
( 3) Pentoses and hexoses 97 0.996 -0.0002 0.0378 
( 4) Galactose and dulci to! 14 0.999 +0.004 0.190 0.0343 
(5) Deoxy sugars 21 0.997 +0.005 0.137 0.0226 
* The concentrations of standards were: 0.125, 0.25, 0.50, 1.0, 1.5, 2.0, and 2.5 mg i- 1 
of the determinations of total monosaccharides in natural seawater. Results for 
determinations with and without prior borohydride reduction are given in 
Table V. The values are not only higher, showing a more complete oxidation, 
but the precision of the measurements increased sharply as shown by the de-
crease in the mean coefficient of variation from 8. 7 to 1. 5%. 
Analytical procedure for total dissolved monosaccharides 
To reduce aldehyde groups to alcohols, 0.05 ml of freshly made cold potas-
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Fig. 1. Plot of the composite regression lines for the sugars examined (see Table iV). Bars 
I and II show range of data points_for hexoses \!) and pencoses (II). 
sample and incubated for four hours at 17-18°C in the absence of light. The 
excess borohydride is destroyed with 0.05 ml of 0.36 N HCl and left for 
10 min to permit hydrogen gas to evolve and the pH to stabilize to neutrality. 
The samples are then oxidized for 10 min with 0.1 ml of periodic acid before 
TABLE V 
Intrasample and jntersample variation of the MBTH reaction in unsupplemented natural 
seawater samples with and without borohydride reduction prior to periodate oxidation 
Date No reduction Borohydride reduction 
(197 5) 
n abs. s V(%) n abs. s V(%) 
1/6 3 0.100 ±0.011 11.0 
1/8 3 0.124 ±0.010 8.0 
1/13 3 0.109 ±0.0015 1.3 
1/14 3 0.097 ±0.0017 1.7 
1/15 3 0.104 ±0.011 10.5 3 0.136 ±0.003 2.2 
1/15 3 0.13-1 =:0.0011 0.8 
1/16 3 0.078 ±0.004 5.1 3 0.086 ±0.0015 . 1.7 
1/18 3 0.089 ±0.008 8.9 
mean ±0.009 8.7% ±0.002 1.5% 
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stopping the reaction with 0.1 ml of sodium arsenite. Both the periodate 
oxidation and sodium arsenite addition are carried out at rt in foil-covered 
racks to shield the tubes from excess light. After at least a 10 min wait, 0.2 ml 
of 2 N HCl is added and the amber color evolved is allowed to disappear 
before the formaldehyde produced from the sugar alcohol groups is detected 
with the MBTH reagent. A 0.2-ml portion of the MBTH reagent is added, the 
tubes tightly capped, heated for 3 min in a boiling water bath, and cooled in an rt 
water bath. After cooling, 0.2 ml of the 5% ferric chloride solution is added, 
and the color allowed to develop at 18°C in darkness for 30 min, whereupon 
1.0 ml of acetone is added. The tubes are then mixed and the samples read 
at 635 nm as soon as possible in 1.0-cm glass cells. All steps with the excep-
tion of the borohydride neutralization should be done in tightly capped tubes. 
For analytical controls 1.0-ml portions (in triplicate) of the sample are 
reduced with borohydride and neutralized as described for the analysis. How-
ever, in order to prevent periodate oxidation, 0.2 ml of a premixed solution 
(1 :l)of sodium arsenite and periodic acid that is allowed to react at least 
10 min prior to the addition is used. From this point on the control is 
treated exactly the same as the sample. The absorbances of both the samples 
and the control~ are read against a distilled water-acetone (1.8:1) reference, 
and the absorbance of the control is subtracted from t!lat of the sample. The 
difference is presumed to be due to formaldehyde liberated by the periodate 
oxidation of the alditols present in the original sample or produced during 
borohydride reduction. These controls or blanks must be run on each sample 
as they correct for turbidity and free aldehydes, as well as the reagents them-
selves. The usual practice is to draw six 1.0-ml portions from each sample and 
treat three as controls and three as samples. 
The amounts of borohydride and periodate are adequate for the reduction 
and oxidation of carbohydrates to concentrations of 2.5 mg 1·1 • Salinity has 
no effect on the test and results obtained with distilled water and seawater 
controls are virtually identical. 
Occurrence and distribution of total dissolued monosaccharides in 
Narragansett Ba,y, Rhode Island 
Samples taken to determine the concentration of total dissolved mono-
saccharides in lower Narragansett Bay R.I. were obtained at the Graduate 
School of Oceanography pier during the Winter and Spring of 1975. The 
results shown in Table VI are expressed both as µM 1-1 and as µg 1-1 of hexose. 
Values ranged from 122 to 226 µg 1-1 with a mean of 159 µg 1-1 which 
accounts for 2.2% of the DOC using a mean value of 3.1 mg er I obtained with 
a modified Beckman Carbonaceous Analyzer. However, if the more precise but 
lower mean value of 1.6 mg C r I obtained with the persulfate method is used, 
159 µg 1-1 accounts for 3.9% of the DOC. The assumption of homogeneous 
variance was made for the number of samples (K) in Table VI where three 
determinations were made. According to Youden (1951), for a series of 
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TABLE VI 
The _occurrence of total dissolved monosaccharides in surface sea water from lower 
Narragansett Bay as estimated by the MBTH reaction of borohydride-reduced, periodate-
oxidized samples 
Date n µM C1 µg r1 s Est.% 
(197 5) carbohydrate as hexose* DOC** 
1/13 3 0.91 163 ±7 2.1 
1/16 2 1.11 199 2.5 
1/23 • 2 1.08 194 ? -_,o 
1/24 3 1.11 200 ±13 ') -_,o 
1/ 28 1 0.74 133 1. 7 
1/29 2 0.68 122 1.6 
1/30 2 0.68 122 1.6 
1/31 2 1.26 226 2.9 
2/4 2 1.03 185 2.3 
2/13 3 1.24 224 ±14 2.8 
2/14 3 0.83 149 ±14 1.9 
2/17 2 0.98 177 2.2 
2/18 • 3 0.86 154 ±26 1.9 
2/19 3 • 1.23 222 ±27 2.8 
2/24 3 0.98 17 5 ±2 2.2 
4/21 3 0.79 143 ±7 1.8 
mean 159 2.2% 
* Standard curve based on results ·from all monosaccharides tested and expressed as 
µM r 1 ; for conversion to µg r 1 , values expressed as hexose. 
** Assumes the mean value of DOC for sampling area is 3.1 mg C 1 , as determined by the 
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and for these data: precision= 15/y'nµg 1-1 •• 
DISCUSSION 
A sensitive and precise procedure for the spectrophometric determination 
of total monosaccharides dissolved in seawater has been developed by utiliz-
ing a sequence of reliable carbohydrate reactions. The reduction of naturally_ 
occurring amounts of monosaccharides in natural seawater to alditols was 
152 
11 
quantitative for glucose, galactose, mannose, fructose, sorbose, xylose, arabin-
ose and ribose. The naturally occurring aldi tols and the alditols derived from 
the above pentoses and hexoses formed two moles of formaldehyde per mole 
of alditol during periodate oxidation. The millimolar absorptivity of formalde-
hyde with the MBTH reagent of 48-56 (Sawicki et al., 1967) should be 
double for the alditols and be in the range 96-112. This is precisely the 
range of values that were obtained for the alditols shown in Table II. These 
uniform values for pentoses and hexoses, shown in Table IV, illustrate the 
obvious advantages over the other spectrophotometric procedures. The 
similar curves obtained with most of the monosaccharides allow glucose to 
be used as a single standard. Only galactose and its alditol derivative dulcitol 
showed a slightly lower extinction which is consistent with the slower rate of 
periodate oxidation observed for dulcitol than for mannitol (O'Dea and 
Gibbons, 1953). The sugar acids gluconic and glucuronic gave results similar 
to the hexoses. The three carbon sugar alcohol glycerol gives two moles of 
formaldehyde per mole and is analysed along with the other carbohydrates 
giving the same millimolar absorptivity but overestimates by 50% on a weight 
basis. Although the deoxy sugars give quantitative results, they yield only one 
mole of formaldehyde per mole of sugar as one would expect. However for 
the major monosaccharides that occur in seawater, the procedure gives quan-
titative results at very low environmental concentrations and with good 
precision, without the elaborate and time consuming preparation requir~d for 
chromatographic and other analytical techniques. 
The procedure for the controls appears to be responsible for much of the 
reproducibility and specificity of the method. Any substance reacting directly 
.with the MBTH reagent is apparently corrected for. Deliberate attempts to 
contaminate the samples with aldehydes caused elevated extinctions but they 
were corrected for by the controls. However. cigarette smoke and the use of 
formalin in the analytical area, which can add aldehydes, should be discour-
aged in the _interest of reproducible and optimal results. Only serine of the . 
amino acids tested gave color with the test. This is very important since serine is 
the most abundant amino acid on human skin (Bohling, 1970). Caution must 
be exercised in the cleaning and handling of all glassware used in sampling 
and analysis. The MBTH method does not work in polystyrene plastic test 
tubes. Precautions should be used in the analysis of culture media, as some of 
the phytoplankton media contain ingredients such as TRIS buffer which inter-
fere. Glycolic acid, an important product of phytoplankton photosynthesis 
and excretion, does not interfere. Several polysaccharides (alginic acid, lamin-
arin, fucoidin, and soluble starch) were tested for interference. The most 
reactive of these was soluble starch. However, the method is about ten times 
less sensitive for soluble starch than glucose on a weight basis. Apparently 
hydrolysis and subsequent reduction and oxidation do not occur during the 
short time and mild conditions encountered in the procedure. 
The fact that this method does not detect significant amounts of poly~ 
saccharide makes it unique among the tests for carbohydrates in seawater. 
With the addition of a hydrolysis step before analysis (Burney and Sieburth, 
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1977; this issue, pp. 15-28) which yields total carbohydrate values, poly-
saccharide can be estimated by difference from the monosaccharide value. 
The analytical results for inshore waters given in Table VI are not unreason-
able when compared with the meager data available for dissolved monosac-
charides in seawater. Much more is known about total carbohydrate levels. 
However, Josefsson (1970) examined surface samples from the Gullmarfjord 
of Sweden and reported values for the following monosaccharides which in 
the order of their abundance were glucose, galactose, mannose, rhamnose, 
fructose, arabinose, ribose and xylose. The hexoses predominated and the 
total amount of monosaccharides was 156 µg 1-1. Vaccaro et al. (1968) 
measured glucose directly in seawater for surface waters between Woods 
Hole and Bermuda and reported values between 70 and 195 µg 1-1 • 
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ABSTRACT 
·Burney, C. M. and Sieburth, J. McN., 1977. Dissolved carbohydrates in seawater. 
II, A spectrophotometric procedure _for total carbohydrate anaiysis and pol ysaccharide 
estimation. Mar. Chem., 5:15-28 
A procedure is described which adds a hydrolysis step to the Johnson and Sieburth 
3·methyl·2·benzothiazolinone hydrazone hydrochloride (:VIBTH) assay for total dissolved 
monosaccharides. The advantages of the monosaccharide test are retained in the total 
carbohydrate test, giving nearly equivalent ·responses for a variety of combined carbo· 
hydrates. A total sample of 50 ml is adequate for both total carbohydrate and mono· 
saccharide assays which permit the estimation of polysaccharide by difference. Values 
for Narragansett Bay and adjacent waters ranged from 452 to 2023 µg 1-• for total 
dissolved carbohydrate, 272 to 1353 µg 1-• for polysaccharide, and 153 to 81-! µg 1-: for 
monosaccharide, which accounted for 6-18%, 4-13%, and 2-5% of the total dissolved 
carbon, respectively. We suggest that this is a sensitive and precise procedure which will 
be useful for investigating the distribution of dissolved carbohydrates in seawater and 
factors which affect its.production, distribution and utilization. 
INTRODUCTION 
Many workers have reported the colorimetric analysis of total dissolved 
carbohydrate (TCHO) in seawater (summarized in Table I). With the excep-
tion of a chromatographic technique (Starikova and Yablokova, 1972) and a 
fluorometric procedure ( Hirayama, 197 4), three general methods have been 
employed. Most of the earlier work used the N-ethylcarbazol method of 
Erdman and Little (1950) or its modification (Zein-Etdin and May, 1958). 
This method has fallen from favor since McLaughlin et al. (1960) reported 
interference from noncarbohydrate substances and has been largely replaced 
by the anthrone (Dreywood, 1946) and the phenol sulfuric acid (Dubois et al., 
1956) tests. The latter method has gained ascendency since the work of Handa 




Summary of published total carbohydrale measurements for seawater 
Total range CHO 
concentration 
Reference Location Method Standard (mg 1-•) Remarks 
Collier et al. Florida walers N-ethyl• arabinose 2.0-25 
( 1950) -carbazole 
Collier et al. Gulf of Mexico N-ethyl• arabinose 0-20 
( 19 53) -carbazole 
Lewis and off southern anthrone and sucrose 0.14-0.-!5 up to 7.9 mg 1- 1 
Rakestraw California N-ethyl· in coastal 
(1955) ·carbazole lagoons 
Anderson and South Atlantic N·ethyl• arabinose 0-12.0 most values 
Gehringer coast, U.S. ·Carbazole <3.0 mg 1 -I 
(1958a) 
Anderson and South Atlantic N·ethyl• arabinose 0-35.8 most valut!s 
Gehringer coast, U.S. ·carbazole <3.0 mg 1 -i 
(1958b) 
Collier shelf, N·ethyl· arabinose 0-3.0 up to 19.4 mg 1-
(1958a) Gulf of Mexico ·carbazole during red tide 
Collier western shore, N·ethyl· arabinose 0-2.6 
(1958b) Gulf of Mexico ·carhazole 
Wangersky Long Island Sound N·ethyl- glucose 0-2.5 most values 
(1959) ·carbazole <1.:s mg 1- 1 
Dragovich Pier al N·ethyl· arabinose 0.2-4.1 annual range 
( 1961) Naples, Florida -carbazole most <2.0 mg 1- 1 
Koyama northwest N·ethyl• sucrose 0.24-1.68 2 deep waler 
(1962) Pacific ·carbazole pro files 
Antia and Lee northeast anthrone glucose <0.10-0.58 (coastal) 
( 1963) Pacific 0.00-0A0 ( open ocean) 
Walsh Cape Cod waters an throne sucrose 1.16-3.17 (productive estuar.) 
(1965) 0A0-1.00 (other waters) 
Walsh and Sargasso Sea an throne sucrose 0.18-0.75 single deep 
Douglass off Bermuda profile 
(1966) 
Handa Indian Ocean phenol· glucose 0.19-0.66 several deep 
(1966b) sulfuric acid profiles 
Handa northwest phenol- glucose 0.09-0.-!6 ( total range) 
( 1967) Pacific offshore sulfuric acid 0.17-0.-12 (surface) 
Kawahara et al. off southern anthrone sucrose 0-1.3 most values 
(1967) Hokkaido, Japan <0.5 mg 1- 1 
Handa off Honsyu, phenol· glucose 0.24-0.37 single deep 
( 1970) Japan sulfuric acid profile 
Erokhin eastern Murman, phenol· glucose 0.5-3.0 (surface) 
(1972) USSR (littoral) sulfuric acid 2.7-i.0 (bottom in 
macrophy.) 
Starikova and Black Sea paper chromato- 0.93-2.99 hydrolyzed 
Yablokova graphy samples 
( 197 2) 
Hirayama Kojima and Osaka, fluorimetric xylose and 0.480-0.523 Kojima 
(1974) Japan method glucose 0.983-1.131 Misaki 
Cedeno Fermin Gulf of Cariaco, phenol- glucose 0.35-3.25 
(1972) Venezuela sulfuric acid 
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their standard method of seawater analysis. These methods produce strikingly 
dissimilar absorbances with equal concentrations of different sugars. This, 
coupl'ed with the use of different standards (see Table I) has made the com-
parison of results from different workers quite difficult. 
The colorimetric methods currently used in seawater employ concentrated 
sulfuric acid which hydrolyzes polysaccharides and produces mostly furfural 
from pentoses and hydroxymethylfurfural from hexoses which combine with 
the various reagents to yield the colored products. The strong acid can 
produce other degradation products (Josefsson et al., 1972) which will lead 
to underestimation of the TCHO. The addition of concentrated sulfuric acid 
to seawater also increases the absorbance of yellow organic materials which 
can interfere with the phenol sulfuric acid test (Bikbulatov and Skopintsev, 
1974). 
The 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) total 
dissolved monosaccharide assay of Johnson and Sieburth ( 19'77; this issue, 
• pp. 1-13) which does not employ concentrated mineral acid and does not 
hydrolyze polymeric carbohydrates tPCHO), has been shown to produce 
nearly equivalent color with several sugar alcohols, hexoses, pentoses and 
sugar acids. To realize the advantages of this method for dissolved TCHO, it 
must be coupled to a quantitative hydrolysis procedure. Its use with and 
without hydrolysis gives direct determination of TCHO and monomeric 
carbohydrate (MCHO) respectively. PCHO can be estimated by the difference 
between these values. The development, evaluation and application of a 
method for analysis of TCHO and estimation of PCHO form the basis of a 
Master of Science thesis (Burney, 1976) and are the subjects of this report. 
MATERIAL AND METHODS 
Sample collection and filtration 
Surface samples were taken from the pier at Narragansett Marine Labor-
atory, Narragansett, R.I., and from 12 other stations in and around Narra-
gansett Bay (Fig. 1) between 22 January and 25 July 1975. Pier samples 
were collected in a polyethylene bucket. The Bay and adjacent samples were 
obtained in chemically cleaned glass bottles or 5-1 Niskin samplers. The Rhode 
Island Sound sample was collected with ·an acid-rinsed Niskin bottle during 
Cruise 170 of R/V "Trident". Samples were filtered immediately through pre-
combusted ( 450° C) Gelman type .-\ glass fiber filters using less than 10 cm 
of Hg vacuum. Analysis was commenced immediately on all samples except 
those taken 27. February and 17 March which were frozen at -45° C for up 
to 3 days after filtration. All filter setups and other glassware used throughout 
the analysis were carefully chemically cleaned. 
Analysis 
Initially, a range of hydrolysis times and HCl concentrations were tested. 




l) Block Island 






Fig. 1. Sampling stations for Narragansett Bay, Rhode Island, and adjacent waters. 1, 
Pawtuxet River; 2, Sabine Point; 3, Rocky Point;-!, Providence Point; 5, Quonset Pier; 
6, Wickford Marina; 7, Jamestown Bridge; 8, .:Vlarine Lab Pier; 9, Narrow River Bridge; 
10, Narragansett State Pier; 11, Saugatucket River; 12, Pt. Judith Breakwater; 13, 
Rhode Island Sound. 
48 hat l00"C. The following procedure employs the empirically derived 
optimal hydrolysis conditions for winter samples from Narragansett Bay. Ten 
ml seawater samples with 1 ml of 1 N HCl (pH 1.1) were hydrolyzed in sealed 
ampules at 100°C for 20 h. After cooling, the hydrolysis tubes were opened 
and 10 ml from each was transferred to 16 x 125 mm screw topped test tubes 
equipped with teflon-lined caps. The acid was neutralized with 2 ml of 
0.45 N NaOH. To each tube containing 12 ml of neutralized hydrolysate, 
0.1 ml of 10% KBH4 (250 mg in 2.5 ml distilled water) was added. The 
borohydride solution was made with cold (4°C) water immediately before 
use. The tubes were tightly capped and held for 4 hat 18°C before oxidizing 
the excess KBH4 with 0.1 ml of 2 N HCl. When visible gas evolution ceased, 
duplicate 1 ml aliquots were drawn from each tube and dispensed into 
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separate 13 x 100 mm screw capped test tubes with teflon-lined screw caps. 
One tube of each pair was designated the control for the other called the 
analytical sample. Periodate oxidation a~d spectrophotometric analysis of the 
resulting formaldehyde with MBTH was according to Johnson and Sieburth 
(1977; this issue, pp. 1-13). The absorbance of each control sample was sub-
tracted from that of the corresponding analytical sample. 
Standards 
Samples of soluble starch, arabic acid, melezitose and raffinose were 
obtained from Pfanstiehl Laboratories (Wauk~gan, Ill.). Samples of xylan 
and sodium alginate were purchased from Sigma Biochemicals (St. Louis, 
Mo.). Laminarin (Nutritional Biochemicals, Cleveland, Ohio), purified agar 
(Difeo, Detroit, Mich.), fucoidin (Pfaltz and Bauer, Flushing, N.Y.), and 
glucose ( Eastman Organic Chemicals, Rochester, N. Y.) were also used. Con-
centrated stock solutions (100-250 mg rt) were prepared in distilled water 
• containing 20 mg rt HgC12. To correct for inorganic impurities, the total 
dissolved organic carbon (DOC) of each solution was determined with a 
Beckman Carbonaceous Analyzer (Beckman, Fullerton, Cal.) and its actual 
carbohydrate concent.ration calculated assuming that the specified com-
pound comprised all the DOC. When needed, the stock solutions were diluted 
with filtered seawater and analyzed in the 10"6-10- 5 ivl range. Molarity of 
polysaccharide solutions refers to that of their glycosidically linked residues. 
Glucose standards were analyzed both with and without the hydrolysis pro-
cedure to check for artifacts. For comparison, eight of the compounds 
(excluding soluble starch and fucoidin) were also analyzed in the same con-
centration range using a slight modification of the phenol sulfuric acid test 
as described by Strickland and Parsons (1968) using twice the specified 
reagent and sample volumes in order to fill large 10-cm cells. 
Analysis of natural waters 
Molar concentrations of TCHO and MCHO were determined from the 
control corrected absorbance data using a glucose regression standard (n = 49, 
r = 0.997). PCHO in µg rt was computed using (µi'v! TCHO-µM MCHO) x 162, 
and MCHO using µiv! MCHO x 180. TCHO in µg rt was obtained by adding 
MCHO and PCHO values. In order to use the glucose standard for both MCHO 
and TCHO, absorbances from hydrolyzed samples were multiplied by a factor 
of 1.32 to correct for dilution of the samples by the hydrolysis and neutral-
ization reagents. 
The validity of the PCHO calculation was tested with two dialysis experi-
ments. PCHO was directly determined on dialyzed seawater (Dialya-Por C 
tubing, M. W. cutoff 3500, National Scientific, Cleveland, Ohio) using the 
method for TCHO. An equal length of tubing filled with distilled water 
was used as a control for membrane bleed. In the first experiment, 100-ml 
samples were dialyzed against large volumes of distilled water containing 
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20 mgr• HgC12 for 48 h in a refrigerator, after which the HgC12 inside the 
sacs was diluted by a ½-h dialysis against distilled water alone. The final 
volume in the sacs was measured in order to correct for PCHO concentration 
changes due to the gain or loss of water through the membranes. After 
correcting for bleed, the PCHO results were compared to those determined 
by the difference method on the same water. 
In the second experiment, 50 ml seawater and distilled water samples 
were dialyzed at room temperature on a magnetic mixer for -18 h after which 
a 1 V~h dialysis was used to remove the HgC12 • 
Interference studies 
Since MBTH has been shown to react with a large number of aromatic 
amines (Sawicki et al., 1961b, c), a seawater solution of glucose (1.25 mg r 1) 
was assayed with and without 2.0 mg i- 1 of N,N-dimethyl-p-aminobenzaldehyde 
(DMAB) which produces an identical absorbance maximum as formaldehyde 









O, 30 mg r 1 ) 
on analysis was studied in a similar manner. Spectra of the MBTH chromo-
phores in pier seawater, Saugatucket River water (Station 11) and distilled 
water solutions of laminarin and fucoidin ( 0. 7 5 mgr 1 ) were run on a Cary 
17 recording spectrophotometer. 
RESULTS AND DISCUSSION 
Evaluation of the method 
Slope-intercept data, regression coefficients, millimolar absorbance and 
% recoveries as glucose for the tested carbohydrates are given in Table II. 
With the exception of sodium alginate (calculated as alginic acid) and agar, 
all slopes vary less than 16% from their mean. Glucose analyzed with and 
without "hydrolysis" produced essentially equal slopes, indicating that no 
artifacts are introduced by the hydrolysis. 
Fig. 2 presents a comparison of the standard curves produced with the 
MBTH and phenol sulfuric acid methods. MBTH curves are corrected for the 
dilution of the samples by the hydrolysis and neutralization reagents. The 
MBTH method offers considerably improved sensitivity relative to phenol 
sulfuric acid even when a ten-fold advantage is given the latter method by the 
use of 10-cm cells. Unlike the MBTH method, the phenol sulfuric acid test 
shows evidence of nonlinearity in four of the curves, casting doubt on its 
accuracy at the low concentrations which occur in natural waters. 
Table III shows that the differences in the PCHO values obtained directly 
using dialysis and calculated from the difference method were well within the 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































gave identical corrected PCHO results in spite of large differences in con-
tamination due to membrane bleed. The difference method seems to provide 
a simple technique for PCHO determination which appears to be valid in 
practice as well as in theory. 
Analysis of natural waters 
Table IV gives concentrations of TCHO, MCHO, PCHO and DOC determin-
ed in a survey of Narragansett Bay, R.I., and adjacent waters. Carbohydrate 
concentrations ranged from 452 to 2023 µg i- 1 for TCHO, 272 to 1353 µg i- 1 
for PCHO, and 153 to 814 µg r 1 for MCHO. PCHO/MCHO ratios varied from 
1.15 to 2.80. Samples from or near polluted tributaries (Stations 1-4 and 11) 
generally contained considerably higher amounts of all fractions. The TCHO 
concentrations are in good agreement with most published values (Table I) 
TABLE III 
Comparison of the MBTH difference method with dialysis for the determination of 
polysaccharide in natural seawater 
Dialysis method* 1 
Seawater 
measured PCHO ± S. D. (µg r 1 ) 
volume correction • 2 
actual PCHO (µg r 1 ) 
Distilled water control 
measured PCHO ± S.D. (µg 1-•) 
volume correction 
actual PCHO (µg 1·1 ) 
Corrected seawater PCHO (µg r 1 ) 
Difference method* 3 
MCHO ± S.D. (µM) 
TCHO ± S.D. (µM) 
PCHO (µM) 
PCHO (µg r 1 ) 
Difference between methods (µg 1- 1 ) 
% Difference 
* 1 Triplicate determinations . 
.,: Final vol./initial vol. in dialysis sacs. 
• 3 Quadruplicate determinations 
Date 
21 April 30 April 
1044 ± 101 624 ± 62 
1.1 1. 2 
1148 749 




0.84 ± 0.02 0.90±0.13 








Total, free and combined carbohydrate of surface samples from Narragansett Bay 
and Rhode Island Sound 
Station • 1 Date DOC* 2 Total CHO :\'tonomeric CHO 
(mg r 1 ) 
n (µ.J,/) (µg ,-1 ) S.D. %DOC n (µJ·/) 
(µg ,-1 ) 
1 27 Feb 6.7 4 9.59 1627 7.9 10.3 3 4.08 
2 27 Feb 6.1 4 7.38 1252 75. 7 8.7 3 3.18 
3 27 Feb 4.6 4 7.81 1327 19.5 12.2 3 3.42 
1 17 Mar 7.0 2 11.98 2023 24.3 12.3 3 4.52 
2 17 :\tar 6.8 3 7.91 1328 127.0 8.3 3 2.63 
3 1 7 ::'vlar 4.8 3 3.97 667 17.2 6.0 2 1.31 
4 17 Mar 3.9 2 4.36 733 21.1 8.0 2 1.47 
7 21 !\far 3.2 3 2.98 503 19.8 6.6 3 1.13 
8 24 Mar 3.3 3 2.68 452 47.0 5.8 4 1.00 
6 01 Apr 3.8 3 3.61 603 21.8 6.8 3 1.01 
7 01 Apr 2.7 3 3.24 541 38.5 8.5 3 0.91 
8 01 Apr 3.5 2 2.90 488 30.2 6.0 2 1.00 
10 01 Apr 3.0 4 2.82 474 31.2 6.7 3 0.96 
5 07 May 2.9 3 3.51 588 26.0 8.6 3 1.06 
7 07 :\fay 3.0 3 4.90 820 17.0 11.i 3 1.46 
9 07 .c\fay 3.0 3 5.40 899 53.7 12.9 3 1.34 
10 07 May 3.2 2 3.60 601 9.0 8.0 3 0.99 
11 07 May 5.7 3 12.06 2021 46.0 15.1 3 3. 71 
12 07 May 3.2 3 4.32 719 25.8 9.7 3 1.05 
13 25 Jul 1.2*3 3 3.01 503 38.6 17.9 3 0.85 
Mean 4.1 5.40 908 34.9 9.5 1.85 
* 1 See Fig.I for location. 
• 2 Beckman Carbonaceou.; Analyzer 
• 3 Method of Menzel and Vaccaro (1964 ). 
including those from methods other than colorimetric techniques (Starikova 
and Yablokova, 1972; Hirayama, 1974). 
The mean coefficient of variation for the TCHO determinations ( 4.5%) 
is much lower than the 30 and 23. 7% with an throne and 38% with N-
ethylcarbazol calculated for the data of Lewis and Rakestraw (1955). Antia 
and Lee (1963) reported a coefficient of variation of 11.3% for six 
1.2-mg 1-1 glucose standards analyzed on different days with anthrone, while 
Zein-Eldin and May t 1958) achieved 5.5% for six 1-mg 1-1 standards using an 
improved N-ethylcarbazol method. The calculated precision of the mean for 
the MBTH method (from eight pier samples taken in April) is 66 . n-1/.1 µg r 1 
(95% confidence) which compares favorably with the 60 . n-½ µg r 1 figure 
given by Strickland and Parsons (1968) for the phenol sulfuric acid method. 
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Polymeric CHO Coeff. of. variation 
(µg r1 l S.D. %DOC (µ.\{) (µgl-') %DOC TCHO MCHO PCHO/ 
MCHO 
734 53.5 4.4 5.51 893 5.9 0.4 7.3 1.22 
572 36.9 3.8 -!. 20 680 4.9 6.0 6.5 1.19 
616 34.5 5.4 -l.39 711 6.8 l. 5 5.6 1.15 
81-l 35.9 4.7 7 .-!6 1209 7.6 l. 2 4.-l 1.-19 
473 57.9 2.8 5.28 855 5.5 9.6 12.2 1.81 
236 2.0 2.0 2.66 -131 4.0 2.6 0.8 1.83 
265 0.0 2.7 2.89 -168 5.3 2.9 0.0 l. i7 
203 7;6 2.5 1.85 300 -l.1 3.9 3.7 1.48 
180 15.9 2.2 1.68 272 3.6 10.4 8.8 1. 51 
182 13. i 1. 9 2.60 421 -l.9 3.6 7.5 2.31 
16-l 10.4 2.-l 2.33 377 6.1 7.1 6.3 2.30 
180 6.4 2.1 1.90 308 3.9 6.2 3.6 1. 71 
173 3.5 2.3 1.86 301 4.4 6.6 2.0 l. 7-l 
191 15.9 2.6 2.45 397 6.0 -l.4 8.3 2.08 
263 14.6 3.5 3.44 557 8.2 2.1 5.6 2.12 
2H 23.2 3.2 -l.06 658 9.7 6.0 9.6 2. 73 
178 24.1 2.2 2.61 423 5.8 1. 5 13.5 2.38 
668 18. 7 -!. 7 8.35 1353 lOA 2.3 2.8 2.03 
189 9.3 2A 3.27 530 i.3 3.6 4.9 2.80 
153 -l.6 5.1 2.16 350 12.8 7.7 3.0 2.28 
334 19.4 3.1 3.55 575 6.-l 4.5 5.8 1.90 
Interference studies 
Addition of nitrate, phosphate and silicate had no effect on analysis. 
Samples with added Dl\L-\B produced elevated absorbances in accordance 
with Sawicki et al. (1961b) but the increase was equal in analytical and 
control samples and was eliminated by subtraction. This supports the theory 
that the controls will correct for compounds reacting directly with MBTH. 
The absorbance spectra were very similar to that of the formaldehyde-
MBTH chromogen given by Sawicki et al. (1961a) with maxima at 635 and 
670 nm. MBTH forms chromogens with a number of aliphatic aldehydes 
which produce slightly different absorbance maxima (Sawicki et al., 1961a) 
but no evidence of interference from these could be detected in the spectra. 
Interference from noncarbohydrate compounds which produce formaldehyde 
during periodate oxidation would not be detected by this technique. Johnson 
and Sieburth (1977; this issue, pp. 1-13) have found serine to be in this cate-
gory, producing 40% of the color of an equal molar amount of hexose. TRIS 




The extension of the MCHO test of Johnson and Sieburth (1977; this 
issue, pp. 1-13) for TCHO analysis seems to retain the advantages of the 
parent method and gives good yields of several combined carbohydrates 
relative to glucose. The method is based on quantitative and reliable carbo-
hydrate reactions and produces a nearly equivalent response with a large array 
of carbohydrates. It produces reasonable results with greater sensitivity 
when applied to natural waters. No significant interfering substances occurring 
in seawater other than serine have been found and there is no apparent 
salinity dependence. When the TCHO procedure is coupled to its :\-!CHO 
version, the technique can be used to estimate PCHO as well. This unique 
property should make it a valuable tool for establishing the distribution and 
flux of dissolved carbohydrates in the sea. Its improved sensitivity, linearity, 
and versatility more than offset its time-consuming nature. 
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Dissolved carbohydrate and microbial ATP in the North Atlantic: 
concentrations and interactions 
Ct:RTIS M. Bt:R!'IEY,• KENNETH M. JOHNSON,• DENNIS M. LAVOIEt 
and JoHN McN. SIEBt:RTH* 
( Ren!i~•f!cl I May t 978. in final re1·isecl form 20 June 1979. an-epred 25 June I 9i9) 
Absrr:icr-A selective and sensitive spectrophotometric assay for monosaccharide (MCHOI before 
and after a hvdrolysis st.:p has permitted the estimation of total ..:arbohydrate (TCH01 and of 
polysaccharide iPCHO) by Ji!Terence. The concentrations and Jiel vanauons of MCHO. TCHO. 
PCHO. and Jissolvcd organic carbon ( DOC I were .:stimated on some 90 samples obtained at 15 
stations between Rhode Island anJ Spain. DOC rangeJ from 570 to I 330 µg C 1-' with a mean of 
9-Ul µg CI - '. MCHO. calculated as he.,os.:. ranged from 65 to 356 µg 1-' (mean 163 µg I - 'l, 
accounting for 3.5 to 13.2",, of the DOC. TCHO varieJ from 175 to 583 µg I - ' i mean }-.8 µg 1 • 1 ). 
8.0 to 24.5".,ofthe DOC. PCHO ranged fr0m () to 379µg1·11mean 184µg 1 • '1. up to 16.0°,, of the 
DOC. MCHO. TCHO. and PCHO were pornively correlateJ "'ith DOC at the lHlI level. PCHO 
as a '' 0 vi TCHO decreaseJ significantly from 69",, in coastal to 37° 0 m mid-ocean samples. 
The venu:al distribullon of the microbial plankwn smaller and larger than 3 µm was JetermmeJ 
at 12 of the stations by ATP assay on samples ,equentially tiltered through '.'ludepore membr:mes. 
Living biomass for the bac·tertoplankton (tl.2 to 3.U µm 1 ,akulateJ from the ATP com:entration 
rangeJ from l to 55 µg C 1- • (approx 104 to l0° bacterial ,ells ml-' land a'-"·ounted for 3 to SO",, of 
the total living biomass in the microbial plankton. averaging 30"., m the photic and 40''., in the 
aphouc zone. Vertic·al profiles of bacterial and protist ATP at six stations are rnmpared with tho,e 
for Jissolved ,arbohydrates. DOC. ,hlorophyll .i. phaeop1gments. dissolved o,ygen. and 
temperature. These indude four die! drift stations in whi,h a Jaylight sampling was followed by J 
predawn resampling on the following day. CarbohyJrate peak, w.:re often associated with 
a..:cumulauons of or~anisms in the > 3-µm size fra,·tion. whi..:h were low in ..:hlorophyll u. possibly 
inJicative of colle,11ons 0f protozooplankton. During the Jay there was .:viJen..:e 0i n.:t release 0i 
,arbohyJratc at the depth of the chlorophyll " maiima at 0ceanic stations but not at nerui..: 
sta110ns. Appreciable bacterioplankton ma.\ima (0.2 to 3.U µm . .\ TP1 0c,urred mo,t 0ften with 
..:arb0hydrate minima. 
l"ITRODUCTION 
THERE 1s A considerable literature reporting total dissolved carbohydrate (TCHO\ 
measurements in the sea (summarized by BURNEY and StEBL!RTH, 1977), with most open 
ocean values obtained during the past 10 years falling in the Oto 750 µg 1- 1 range. TCHO 
can comprise a significant fraction of the biologically labile dissolved organic carbon 
(DOC) and often exceeds the total quantity of particulate organic matter in suspension 
(.vlE"IZEL and RYTHER, 1970). • 
Dissolved carbohydrate in the sea exists in both monomeric (MCHO} and polymeric 
( PCHO) forms. Little is known about their distribution and cycling because the 
spectrophotometric methods used did not distinguish \.!CHO from PCHO without 
laborious physical separation by dialysis. gel filtration. or ultrafiltration (WHEELER. 1976). 
• GraJuate S,hool of Oceanography. L'niver,ity 0f RhoJe lslanJ. Kini;ston. RI 1)~88 I. U.S.A. 
t '-:ORDA. '.'ISTL Stat:on. \lississ1ppi ~9526. L'.S.A. 
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Chromatographic methods have been used to determine MCHO (DEGENS, EGON, RHJTER 
and SHAW, 1964: JosEFSSON, 1970; MOPPER, 1977) and, with hydrolysis, TCHO. Although 
these methods provide more information by identifying the sugars, they take hours to 
analyze single samples and require desalting which may introduce contamination or cause 
MCHO loss. So far. chromatographic methods have not been used for large-scale studies of 
the kind we report here. 
MCHO and PCHO distributions could have significant biological implications because 
both are known to be released by phytoplankton (Gu1LLARD and WANGERSKY, 1958: 
MARKER, 1965: HELLEBUST. 1965, I 974: MYKLESHD and HAUG, 1972: MYKLESTAD, 1974) 
and may also be released by the protozoa and metazoa. MCHO and PCHO would be 
expected to cycle at difTerent rates as, unlike MCHO. PCHO must first be depolymerized 
before bacterial uptake. To study such phenomena. a spectrophotometric method to 
estimate MCHO (JoHNSON and S1EBURTH. 1977) requiring no physical separation (or 
desalting) has been developed. A separate hydrolysis step ( BuR!'IEY and SIEBURTH, I 977) 
that allows measurement of TCHO has been added. PCHO can then be estimated by 
difTerence. The mechanism of this method difTers from previous carbohydrate assays and 
uses 3-methyl-2-benzothiazolinone hydrazone hydrochloride ( M 8TH) to measure the 
formaldehyde produced by a periodate oxidation of monosaccharides that have been 
previously reduced to sugar alcohols. Unlike older spectrophotometric methods, it gives a 
nearly equivalent response to equal molar amounts of a wide variety of hexoses and 
pentoses and includes other important carbohydrate classes such as sugar alcohols, 
deoxysugars. and uronic acids. The method is precise and about 20 times more sensiti\\.: 
than the phenol sulfuric acid test ( DuBois. GILLES, HAMIL TON, REBE RS and SMITH. I 956 ), 
making it useful in the study of in siw biological processes, relationships. and rates. 
A complete understanding of 1he marine occurrence and cycling of labile dissolved 
organic substances such as \-!CHO and PCHO requires a knowledge of the biomass and 
activities of the phototrophic producers. the phagotrophic releasers, and the osmotrophic 
consumers (SIEBURTH, 1976, 1977). The adenosine triphosphate (ATP) method for 
estimating the biomass of microbial plankton has become widely used in ecological studies 
since its introduction by Hou,1-HANSEN and Boom ( I 966 ). The method allows the 
estimation of living biomass with an accuracy comparable or superior to the classical 
counting and cultural techniques I HoL:vt-H.>.NSE!'-1. I 969, I 970, 1973 ). Its chief limitation is 
the variability in the ATP content of living cells ( HA\.tlL TON and HoL:vt-HANSEN, 196 7). ATP 
assays of the total microbial plankton cannot distinguish between bacterioplankton and 
protist plankton (HOL\.t-HANSE!'I, 1970). JASSBY ( 1975) attempted to estimate the 
bacterioplankton from the difTerence between total biomass calculated from ATP and the 
phytoplankton biomass calculated from chlorophyll a concentration and showed that the 
large inherent variation in the chlorophyll-to-carbon ratio precluded statistically reliable 
data. The presence of a significant protozooplankton biomass would result in the 
overestimation of the bacterioplankton biomass. A simple physical separation of the small 
procaryote cells in the bacterioplankton from the larger protist cells in the phytoplankton 
and protozooplankton is necessary to obtain reliable and meaningful ATP biomass 
estimates of both the bacterioplank ton and the protist plank ton. 
Epifluorescence microscopy has demonstrated a large population of free cells in the 
bacterioplankton compared to a minor population of bacteria attached to the particles of 
organic ikbris in the suspended seston ( W1EBE and Pm,tEROY. I972: F ERGL'SON and RL'BLEE. 
1976: HOPPE. 1976: loHNSON, CARON and StEBURTH. unpublished data). The small size of 
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these bacteria (<I µm diameter) has been shown by HOPPE (1976) and WATSON, NovnsKY, 
QutNBY and VALOIS ( 1977). Even 3-µm porosity cellulose ester membranes. which are much 
more retentive than their stated pore size, permit the passage of microorganisms 
responsible for 70 to 30°~ of the heterotrophic uptake of [1•C]labeled organic compounds 
(W!LLIA~IS. 1970: SOROKIN, 1971b: DERENBACH and WILLIAMS. 1974). SHELDON (197:?) 
reported that perforated membranes such as Nuclepore•>, unlike cellulose ester and 
fiberglass filters, both passed and retained particles according to their stated pore size. 
SALONEN ( 1974) used this sieve-like property of Nuclepore membranes and found that 2- to 
5-µm porosities separated bacteria from the phytoplankton in samples of lake water. Some 
90° 0 of the bacteria active in seawater pass through a 1-µm Nuclepore' filter (HOPPE, 1976: 
AZAM and HODSON, l 977). This simple physical separation of the small-celled 
bacterioplankton from the larger-celled protist plankton before ATP analysis is practical 
and has been used in our laboratory since 1974 (LAVOIE, 1975). 
This report presents the first data comparing the neritic and oceanic occurrence of 
MCHO and PCHO in relation to DOC and documents the role of the various trophic 
groups in controlling the distributions of these bacterial substrates. Data on the viable 
biomass of bacterioplankton from the same areas, estimated from the ATP content of 
selectively filtered natural populations. are presented for the first time. A preliminary report 
presented the rationale of this approach for studying the cycling of dissolved organic matter 
in the sea (SIEBL'RTH, JOHNSON, BURNEY and LAVOIE. 1977 ). 
MATERIALS AND METHODS 
Detailed profiles were obtained from 15 Niskin bottle casts in the North Atlantic during 
R.V. Trident Cruise 170 in July and August 1975. Samples from 5 to -+000 m were taken. 
but most were from the upper 300 m. Four of the casts were predawn resamplings of the 
same depths as in the previous daylight casts (Fig. I, Tables I. 2. 4, and 5). The Niskin 
bottles (5 or 301) were scrubbed in NilO HCI before each cast (SOROKIN. 1971b) and rinsed 
Fig. I. The positions of the stations occupied during R.V. Trident Cruise TR-170 between 
Narragansett. Rhode Island. and Cadiz. Spam. See Tables l and ::! for exact locations. 
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Table I. Distribution ofJissolred organic l"a;bon (µg C 1- 1 ) and carhoh_\'drate (µg he:co.~e 1- 1 ) ar 8 .Hat ions Ol'er the 
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• Local time and date (1975). t Sonic depth. ! Assuming 40"~ carbon. § Assuming 44•~ carbon. TCHO 
carbon "" \!CHO carbon ;- PCHO carbon. ' For samples with no MCHO data. TCHO is assumed to be 4~~. 
carbon. •• Pooled standard deviation for all samples assuming homogeneous variance. 
at sampling depth for 20 min prior to closing. For carbohydrate and DOC analysis. 100 ml 
aliquots were immediately filtered by gravity into alkali-cleaned glass bottles. The filters 
(Gelman A1E) and sample bottles were precombusted _at 480°C for 12 h and kept foil-
covered until use. The glass filter units were soaked in N/10 HCI between casts and 
thoroughly rinsed with distilled water and portions of the next sample before reuse. For 
ATP analysis, sample water was drained through a I-mm mesh nylon screen into calibrated 
145-ml bottles and stored at 4°C. Analysis usually commenced within. the hour. All 
glassware used in this and subsequent operations was cleaned in N/10 HCI and rinsed with 
deionized water. 
Triplicate MCHO and TCHO analyses were begun immediately after filtration using the 
MBTH methods of JOHNSON and SIEBURTH ( 1977) and BURNEY and S1EBURTH ( 1977). 
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Depths sampled 1ml Precision 








890 900 6-1 
83 ().7) 19.0 
309(15.3) 
392(19 01 :94(13.7)• 254(-) 30.0 
910 I~ 870 60 
130 (5.71 196 17.5) 124 1s.11 IM.5 
117 (5.7) 187 (7.9) 154 tHI 
246111 Al 383(15 . .ii 278( 13.5) :?9.3 
920 840 S40 6-IO 690 74 
115 (5.01 194 (9.21 162 17.SI 2i.3 
138 16.6) iOO tS.21 183 (9.61 
~3(11.6) :?9S(1.i.51 3,i5t1731 254(16.7\ 197(12.01 2~.: 
950 770 7'l0 .is 
94 (4.0) 115 16.01 :?1.8 
220110.2) 133 17.61 
31,ij 14.11 248113.6) 21.7 
1030 960 51 
130 1s.01 2.s.i(I0.61 :?6.0 
12.S (5.31 117 tHI 
254(10 . .i) 370(15.9) 37.) 
1080 890 .io 
139 IS.II 130 15.81 22.8 
183 17.5\ 79 (3.9] 
322(12.61 209 (9.71 :;6.0 
PCHO was then calculated by difference according to the latter reference. Standards of 
highest purity mannitol and glucose (Schwarz-Mann. Orangeburg. NY) in filtered seawater 
at concentrations of 125 to 1000 µg 1- t were analyzed at sea. The data were combined to 
generate a standard curve (n = 44). All absorbance readings were made on a Beckman DL' 
spectrophotometer. DOC was determined by the method of ME:'.'IZEL and VACCARO ( 1964) 
as modified by KERR and QUINN ( 1975). Triplicate samples were sparged and sealed in 
ampules immediately after filtration and oxidized within 24 h. Determinations were made 
ashore on an integrator-equipped Oceanography International Total Carbon Analyzer 
(Model 0524) using potassium hydrogen phthalate as a standard and correcting for reagent 
carbon. 
Samples for ATP analysis were drawn through 25-mm diameter 3-µm '.'luclepore' filters 
(Nuclepore Corp .. Pleasan~on. CA) by a gentle vacuum ( 100 Torr); the filtrate was caught 
in a clean flask. The filter was immediately immersed in 5 ml of boiling 0.05 M Tris buffer 
(ICN Pharmaceuticals. Cleveland. OH\ at pH 9.0. [This pH appears to give better 
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T,,hle ~- Dis1ribu1ion of ,lissolved organic carbon (µg C 1- 1 J um/ .-arboh.1·dru1e (µg hexawi 1- 1 ) 111 7 warians in 1he 
or,m .\'orrh ~1ltm1i,· 
Stalion Depths sampled 1ml 
d~s.:ripuon Analyses 5 10 10 30 -IO 60 80 
9 DOC 1110 1100 I 130 1140 950 
I0-Ml Au,iim ~ \,ICHO(0 ;,D0Cl 185 t6.6) 157 (5.7) 166 15.91 180 (6.3) 153 16.4) 
.10 ,o -. .-,9 4:nv PCHOt·.ooci qq 13.91 176 (7.0t 121 14.7) 97 (3.7) 34 ( 1.61 
497: m TCHO("~DOCI 184(10.5) 333(11.7) 187( 10.61 277(10.I) 187 t8.0) 
10 DOC 870 820 
1430 Auiius19 \,ICHOt•~DOC) 19-1 18.91 203 19.9) 
.N or-..-,.n9·w PCHOt•~DOCI 188 19 S) 130 17.0) 
3655 rr. TCHOI° 0 DOC) 382(18.4) 333(16.91 
II DOC 940 900 1060 840 820 
I 1.15 ..\UiUSI 11 \,ICHOt0 0 DOCl 194 18.3) 114 15.5) 351113 2) :03 19.7) 153 17.5 lr :~:--1.-;~·.13·w PCHOI°0 DOC) 213(10.01 11:(10.4) 193 t8.01 133 17.0J 183 19.S I 
1000 m TCHOI°.DOCI -I07t 18.11 330115.91 5.14(11.3 J 336(16.6) 336117.3 l 
11 DOC m 870 900 920 1040 
0516 .\U~USI 1: \ICHOI°~D0Cl 194 17.81 139 t6.•0 162 17.2) 148 16.41 218 18.41 
37· =~ "· :~ .14'W PCHOI°~DOC) 159 11.11 157(13 01 154 (7.5) 100 (4.8J 138 (5.81 
IIS~O m TCHOt0 ,,DOC) 353114.91 396(19.41 316(14.7) 148(11.:! I 356(14.:!I 
I) DOC 1040 920 1040 900 
09 _;11 .\u11us1 14 \,ICHOt~;,DOCI :07 (8.01 142 16.2) 254 t9.8) 115 t5.I I ~(-J 
:1fi 59 ".-:1 • ::·w PCHO1°.DOCI :06 18.7) 305114.6) (84 17.31 172 18.4) 1991-1 
.. ~o, m TCHOl"~DOC) 413( 16.71 ,l,.j7(:0.8J 438117 61 287113.5 I JOl!(-J 
14 DOC 1070 930 900 940 ~:o 
IJ.14~ .\u.rus1 15 \,ICHOt• 0 DOC) 185 16.91 157 16.8) 148 t6.6) 139 15.9) 1)0 I0,jJ 
Jo :9 .._:11 ;ow PCHOt• 0 DOCl 242( 10.01 280(1) ..!J . 272(13.JJ 100 19.4) 132 I7.l I 
-l~l ': m TCHOt•~OOC) 427116.9) 437120.01 -120119.91 339115.31 :62113.41 
I~ DOC 
I~10.\UQUSI 15 \,ICH0( 0 ~DOCI 
,6 .i,·,: ;1 I5·w PCHOt•~DOCl 
4-!Rt, m TCHOI• ~DOC) 
recoveries than the lower pH bulTer used by HOLM-HANSEN and 800TH ( 1966) and CHEER. 
GESTILE :ind HEGRE tl97-H. probably due to a downward shift in pH that this buffer 
exhibits at higher temperature, which may result in partial hydrolysis of the ATP.] After 
2 min the extract (3- to 1O00-µm fraction) was quickly cooled in a water bath and then 
frozen :it - IO'C until it could be assayed. The filtrate was then drawn through a 25-mm 
dia. O . .:'.-µm :-.luclepore•· filter, extracted. and frozen as above to obtain the ATP of the O.2-
to 3-µm fraction. ATP was assayed on board ship at the end of the station. using a DuPont 
\lode! 760 luminescent biometer and enzyme system (ALLEN, 1972). Duplicate samples 
were drawn and extracted for each depth and at least three determinations made on each 
extract. The values thus obtained were pooled and mean ATP concentration and 95° 
0 
confidence limits were calculated according to YouoE:-,i's ( 1951) methods for small sets of 
data. 
Larger metazooplankton could have been included in the 3- to 1000-µm fraction. but this 
would ha\e increased our analytical variability as they are distributed too sparsely to have 
be~n subsampled reproducibly. The good precision of the analysis indicates that this ATP 
fraction was dominated by the more uniformly distributed protists. The 0.2- to 3-~im 
fr:1ct:on is Jominated by bacterioplankton even though an occasional eucaryotic flagellate 
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is sometimes included (SIEBURTH, SMETACEK and LENZ, 1978; JOHNSON and SIEBURTH, 
unpublished) . 
. Standard hydrographic observations including dissolved oxygen (Winkler), temperature 
(expendable bathythermograph and reversing thermometers), salinity ( induction 
salinometer). and light profiles (Model 185 quantum sensor. Lambda Instruments, 
Lincoln. NB. U.S.A.), were also made. Chlorophyll a and phaeopigments (acetone 
extracts) were determined fluorometrically using a Turner 110 fluorometer according to 
HoLM-HANSE!'I. LoRENZE!'I, HOLMES and STRICKLAND ( l965) except that the residue after 
extraction was removed by filtration rather than centrifugation (SHAH and SAMUEL, 1972). 
RE SUL TS 
Tables I and :? summarize the DOC and carbohydrate data. Although the results are 
usually the average of three determinations. in a few cases when the coefficient of variation 
of the three replicates exceeded :?0° 0 , the highest value was dropped and the average of the 
remaining replicates was reported only if the recalculated coefficient of variation was less 
176 












I TC HO 
,oo 200 300 400 500 













~ I I I ; 
750 950 1150 
DOC µ.gCL·1 
Fig. 2. The distribution pauerns for (A I monosaccharide ( MCHO I. polysao.:charide ( PCHO I and 
total dissolved o.:arbohydrate ITCHO I. :inJ (BI JissolveJ 0rganic carbon for all analyzeJ ,am pies 
from TR- I iO. 
than 20"~. None of the values is based on a sing.le determination. The estimate of analytical 
precision for each hydrocast is a pooled standard deviation assuming that the variance of 
the method was homogeneous (YOUDE?-1. 1951) in each cast. Figure 2 shows the 
distribution of all the carbohydrate and DOC data. Table 3 compares the mean 
PCHO;TCHO ratios for samples taken from general regions along the A ti antic transect at 
depths to 300 m. Data for the two particulate size fractions expressed as ATP and 
T uble 3. Pol_nac'-'haricle as u O O o/ the roral .-arbohnlrare anti ,1 comparison of cite di/}t'renu! of mt>ans berwun 
uclja(·em cype locucions 




Coastal I and 3 6 69 
Shelf 2 anJ-! II 55 
Slope 5 ~ 23 53 
Mid-ocean 9-10 9 .37 
Azores Plateau 11-12 1-! -15 
Iberian Basin 13-14 13 53 
• Samples from < .300 m only. t Degrees of freedom. 















Dissolved carbohydrate: and microbial ATP in the: North Atlanti,: ,oncentrations and intera,tions 1275 
computed cellular carbon as well as the per cent of the total ATP represented by the < 3-
µm fraction for 6 stations over the continental shelf are given in Table-+ and similar data for 
6 oceanic stations are given in Table 5. 
Depth profiles of carbohydrate, ATP. pigments, dissolved oxygen, DOC. and 
temperature are shown in Figs 3 to 8. Figures 3 and -+ are ri-om single daylight casts made 
over Georges· Bank and the Nova Scotia shelf. Profiles from the paired hydrocasts during 
the morning or early afternoon and again just before dawn of the following day (at 
approximately the same location) during the four die! stations are given in Figs 5 to 8, 
representing the Sable Island shelf [Fig. 5(A, B)], Grand Banks [Fig. 6(A, B)], Azores 
Plateau [Fig. 7(A. B)], and the Iberian Basin [Fig. 8(A. B)]. The daylight and predawn 
casts in each pair are designated A and 8. Decimal numbers on the > 3-µm ATP profiles 
are chlorophyll a/> 3-µm ATP ratios (w/w ). The stations shown in Figs 3 to 6 are 
considered neritic and those in Figs 7 and 8 oceanic, based on location and depth 
differences. Chlorophyll u concentrations at oceanic stations were less than 25° 0 of those 
from neritic areas. 
DISCUSSION 
The DOC levels reported in Tables 1 and 2 (570 to 1330 .. x = 940 µg C 1- 1 ) are 
consistent with other reports (WAGNER, 1969: M E:-IZEL and RYTHER. 1970; SKOPtNTSEV. 
1972: SHARP. 1973 ). Analytical precision was always well within ::: 100 µg C 1- 1 • DOC 
showed a highly significant 1P ~ 0.01) negative correlation with depth. consistent with the 
aforementioned literature. TCHO concentrations ( 175 to 583: .x = 348 µg 1- 1 ) are also in 
good agreement with previously published open ocean data (summarized by BURNEY and 
S1EBURTH, 1977) and accounted for 8.0 to 24.5°~ of the DOC. 
MCHO (Tables 1 and 2) ranged from 65 to 356 µg 1- 1 (.x = 163 µg 1- 1 ) and comprised 
3.5 to I 3.2~~ of the DOC. There are fewer reports of total MCHO determinations in 
seawater than of TCHO determinations. Smaller amounts ( 15 to 38 µg 1- 1 ) were reported 
by DEGENS ec al. (1964) and DEGE:-IS ( 1970) using paper chromatography: however. their 
extraction and ion exchange desalting procedure may have resulted in MCHO loss. 
MoPPER I 1977), using electrodialysis and automatic liquid chromatography. reported 
MCHO equivalent to 105 and 57 µg 1- 1 in surface samples from the Black Sea and the 
North Sea. respectively. Using partition chromatography after desalting by electro<lialysis. 
JosEFsso:-. ( 1970 l estimated 34 to 157 µg 1- 1 of total ~.;fCHO from the Gullmarfjord of 
Sweden, with glucose representing 27° 0 of the total. The enzymatic determination of 
glucose in the North Atlantic by VACCARO, HICKS, JA!'<NASCH and CAREY (1968) yielded a 
range of 5 to 195 µg 1 • 1 • with the lowest levels in mid-ocean. MEYER-REIL, DAWSON, 
LtEBEZEIT and T1EDGE ( 1978) reported glucose concentrations ranging from 15.8 to 
80.4 µg 1 • 1 from water overlying sandy beach sediments during June and July. The total 
MCHO concentrations in these studies would be higher. and if the relation of glucose to the 
total shown by Josusso:-i ( 1970) held. the range of total MCHO would be similar to our 
findings. 
The estimates of PCHO in this study varied from O to 379 µg 1- 1 (.x = 184 µg 1- 1 ) and 
accounted for up to 16°0 of the DOC. This report presents the first extensive attempt to 
determine PCHO in the open sea. The results agree with WHEELER's ( 1976) calculated mean 
of 364 µg 1- 1 (assuming -+-+0 0 carbon l in the > 1000 molecular weight carbohydrate 
178 
1276 CURTIS M. BURSEY, KE:-(NETH M. JoHNSO'.'I, OE!'INIS M. LAVOIE and JoHN McN. SCEBURTH 
Table·•. Distribution of two ~i:e fra,·tion:; of parricul<Jte ATP <Jnd ndl <·arbon ,u 6 sr,uiom <Jlong the outer 
,·0111inenral shelf of .'forth America 
Stauon Depths =pied Im I 
Description Analysis 
2 5 10 20 30 40 
1850 July 26° <3 µm ATP! 62± 3.2 43:tl.9 65::: 0.4 123:::2.9 
41'35'N. 67'"0S'W <3 µm c~ 15±0.8 11 :±;0.5 16±0.1 JI :=0.7 
Georges Ban Ir. >J µm ATP 140:::4.6 132± 2.J 14) ± 2.J 1M6:::l.6 
50 mt >3 µm C 35::: 1.2 33±0.6 36±0.6 47:::0.4 
< 3 µm ~~ total 31 25 31 40 
3 10 20 30 40 
1315 July 27 <3 µm ATP 29± 3.6 7,,±3.3 b3 ± 2.6 39±0.9 
43'4l'!ll. 67'08'W <3 µm C 7±0.9 19:::0.8 16:::0.7 10:::0.2 
Bay of Fundy >3 µm ATP 123:!:4.5 ;6± 5.2 9;2::: 27.0 1186::: 36 9 
140 m >3 µm C 31 ± I.I 14::: 1.3 238 :!: 6.8 296:::9 . .:? 
< 3 µm •~ total 19 51 06 03 
s 20 40 
1300 A ugU5t 1 <3 µm ATP 33 ±0.7 37:::0.4 
43'3l'N. 59"29'W <3 µm C 8±0.2 9:::0.1 
Sable Island >3 µm ATP 135 :t 4.0 167::: 5 . .:? 
1794 m >3 µm C )4:: l.0 42::: 1.3 
< 3 µm •~ total 20 18 
. 6 20 40 
0430 August 2 <3 µm ATP 26:: 1.0 44±: 4 
43' 19'N. 59•41·w <3 µm C 7±0.3 11 :::0.o 
Sable Island >3 µm ATP 59 ± 3.7 88± I.I 
1794m >3 µm C 15::0.9 .:?2 :::O.J 
< 3 µm •~ total 31 33 
7 5 10 20 30 
0835 August 4 <3 µm ATP 59±6.7 65±3.2 70± 2.9 100:::2.I 
•ff40'N, 52'40'W <3 µm C I 5::: 1.7 16±0.8 17 :::0.7 25:: 0.5 
Georses Bank >3 µm ATP 74:::3.I 96±4.6 108±2.5 321:: l4.i 
296 m >3 µm C 19::::0.8 :.i = 1.: 27 ±0.6 ~0± 3.7 
<3 µm 0 0 total 44 -lO 39 24 
8 5 10 20 30 -
0410 AUiUSI 5 <3 µm ATP 45 ± 2 . .-: 27±0.3 89± 1.7 54 ± 1.5 
43'50'N. 52'54'W <3 µm C 11:::06 7 :::<). I 2:?:::0.4 14 ±0.4 
Georges Bank >3 µm ATP 79:::2.0 48±0.9 198::: 20.7 so:::: 33.9 
:?96 m >3 µm C 17 ±0.5 11::0.:: 49 ± 5.2 125 ±115 
<3 µm •• total 40 }6 31 10 
• Local time and date. t Sonic de.pth. : ATP in pg:cmJ. ~ Carbon in mg;mJ as cellular carbon computed from 
ATP \·alues (HAMILTO!'I and HoLM•HANSE!'I. 1967). Values ± 95°~ confidence limits. < 3 µm Fraction: plankton 
between o.: µm and 3.0 µmin size. > 3 µm Fractions: plankton between 3.0 µm and 1000 µmin size. 
fractions of four surface samples from 15 and :?3 km olT the Georgia coast that were 
separated by ultrafiltration and estimated with the phenol sulfuric acid test. Our findings 
are also consistent with the 115 to 250 µg 1- 1 range reported by MAURER ( 1971) in similar 
size fractions from the Gulf of Mexico. Calculations from the total and monomeric 
•. carbohydrate data given by MoPPER ( 1977) indicate a PCHO concentration of 645 and 
186 µg 1- 1 for North Sea and Black Sea samples, respectively. 
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Depths sampled (m) 






50 15 100 
25 ±0.8 19::::0.6 84:::: 2.9 
6=0 2 5 ::::0.2 21 ::::0.7 
61 ±1.4 24 ± I.I 24± 1.0 
15=0.4 6±0.3 6:::0.2 
29 45 78 
60 90 135 500 1000 -
219± 10.3 12::0.4 13±0.6 10::::0.3 12:t0.7 
55 ± 2.6 3 ::0.1 6::::0.l 3 ±0.l 3 ±0.2 
l55:t5.2 32 ±0.9 16:!:0.6 16::0.5 12:::05 
39 :t 1.3 ~ :t 0.2 4::::0.2 4 :t 0.1 3:: 0.1 
59 27 59 4() 49 
60 90 135 
28 ±0.7 13::::0.2 12± 5 6 
7±0.2 3:::0.l 3±1.4 
163±8.4 16:tll.8 11:: 0.8 
41 :!: 2.1 4::::0.2 3 =il.3 
15 4-1 51 
45 60 135 290 
42±0.9 74::: 2.S 58 ± 2.5 47 ± 1.5 
10::::0.2 18:t0.7 14:t0.6 12:::: 0.4 
347± 12.9 368± 14.4 34:::: 1.3 24±0.6 
87 ± ).:? 92± 3 6 9::::0.3 6::::0.2 
II 17 t,3 66 
45 60 135 290 
44:: 1.7 27 ::0 9 21 ± 1.0 35 ±I.I 
11 ::::0.4 7 ±0.1 5 ::::0 3 9::0.3 
325 = 8.2 53=2.8 17 :t 0.5 13 =0.6 
81 ± 2.0 13±0.7 4=0.1 3:!:0.2 
12 34 55 74 
Each of our carbohydrate types (t'vlCHO. PCHO, and TCHO) showed significant 
positive correlations (P < 0.01) with DOC and negative correlations (P ~ 0.02) with depth. 
The presence of measurable MCHO in all samples and its skewed distribution (Fig. 2) 
suggest ;rn uptake threshold for natural populations of plank tonic bacteria ( SrEBURTH, 
I 979) between 100 and I 50 µg 1- 1 . A threshold effect has been observed by JANNASCH ( 1970) 
in chemostat experiments, but at much higher substrate concentrations for the cultures of 
epibacteria (SIEBL'RTH, 1979) capable of growth on enriched seawater agar media. Twelve 
PCHO values fell well below the \1CHO threshold in the open sea (to zero in one case). 
This could be explained by extracellular microbial hydrolysis, adsorption, or precipitation 
of high molecular weight material (KHAILOV, 1968: KHAiLOV and FrNENKO, 1970). Cnlike 
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Table S. Dhcribution of cwo si:e fraccions of purckulace ATP and cell rnrbon ac 6 scacions across che open North 
Aclanck 
Station 
Description Analysis Depths sampled tml 
9 5 10 20 30 40 50 -
1040 August s• <3 µm ATP! 43± 1.0 55 ±4.6 41 ± 1.6 64±2.1 
40· 36"N. 39'-'S'W <3 µm c~ II ±0.3 14:; 1..2 10±0.4 16±0.5 
Continental Slope >3 µm ATP 84± 1.8 84:t:4,2 108 ± 2.6 133±5.8 
4972 mt >3 µm C .21 :;0.4 21 ±1.0 .27 :;0.7 33±1..S 
< J µm •~ total 34 40 .28 32 
10 
I 430 Augu11 9 <3 µm ATP 18±0.3 
39 Ol'N. J4''59'W <3 µm C 4±0.03 
\1 id..x:ean >3 µm ATP 35±0.8 
3655 m >3 µmC 9±0.2 
< 3 µm ~~ total 34 
II 5 20 40 50 
1145 AU!JUSt 11 <3 µm ATP :?7:;0.7 8±0.1 8±0.2 7:0.2 
37':?S'N . .21!'43'W <3 µmC 7 :;0.2 2±0,03 2:;0.04 2 ±0.04 
Azores P!ateau >3 µm .\TP 19±0.3 11 :t0.4 49 ± 1.7 27::0.l 
2000 m >3 µm C 5±0.08 )±0.1 12±0,4 7±0.3 
<3 m •• total 59 41 13 21 
I.! 5 20 40 50 - -
0516 Augu11 12 <3 µm ATP 17±0 3 16:t0.4 12±0.1 II ±v ~ 
37'28'N, .211·44·w <3 µm C 4:;0.06 4:;0.1 3±0.03 3 :t 0.04 
.\zores Plateau >3 µm .\TP 16±0,9 69:t 2.4 15 ±0.4 22:::0 5 
1~80 m >3 µm C 4 ± 0.2 17:0.b 4 ± 0.09 5 :;0.1 
<3 µm •~ total 51 19 44 35 
13 5 20 30 40 50 
0939 August 14 <3 µm ATP 17:::0.09 18±0,2 17:t0.3 17:t0.2 26:tO.b 
J6'59'N, :?1'22'W <3 µmC 4±0,02 S :;0.06 4 :t0.06 4;::0.llS 7 :i:0.1 
Off Eur. shelf >) µm ATP 57 ± 2.1 142:: 2.0 193:::1.7 108-:: 2.3 ~1-::0.IJ 
3803 m >3 µm C 14:tO.S 35±0,5 48 ±0.4 27 ±0.b 20±0 . .2 
< 3 µm •~· total :?3 12 8 13 24 
14 5 20 JO 40 50 
0345 August I 5 <3 µm ATP 13 ± OJ 24± 5.1 32± 1.7 29 ± 0.5 !6:::0.3 
J6'47'N, 21'.20'W <3 µm C 5±0.0i b :t 1.3 ~±0.4 i ±0.I 7 ±0.09 
Off Eur. shelf > J µm ATP 12:tl.5 IIIJ ± 1..2 164:t 1.9 12)±0.~ 49::: I.I 
4517 m >3 µm C 3 :;0.4 JO:; 0.3 41 :::0.5 31 :t0,2 12:;0.3 
< 3 µm •~ ,otal 60 17 16 IIJ 19 
• Local time and date. t Sonic depth. ! ATP in pg:cmJ. ~ Carbon in mg, ml as c::llular carbon computed from 
ATP values (HA'-IILTON and HOL'-f•HANSEN. 19671. Values ~95°. conl'idem;e limits. < J µm Fr:1c11on: plankton 
between 0.2 µm and 3.0 µm in size. > 3 µm Fractions: plankton between J.O µm and l000 µm in size. 
_MCHO, both DOC and TCHO show bimodal distributions due to higher neritic and lower 
oceanic levels. The mean concentrations of DOC, TCHO, and PCHO in the eight neritic 
casts (Table I l were significantly greater (Hest. P < 0.01) than those for the oceanic 
samples (Table 1) even when samples from below 300 m were eliminated to avoid the bias 
of the lower deep water concentrations. This was not true for :VfCHO, which had virtually 
identical means ( I 69 and 170 µg 1- 1, respectively) in this comparison. PCHO accounted for 
a smaller fraction of the TCHO in oceanic than in coastal waters. For samples from the 
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Depths sampled Im) 
IJO 70 so 100 150 250 500 1000 
73 ± 2.7 SI ±2.:! 42;!0.l 32±0.1 
19:i:0.7 1 ):i:0.6 t 1 ±0.03 S ± 0.03 
:!96±7,0 60±8.3 42 ± 1.0 41 ± 1.3 
74± 1.8 IS± 2.1 11 ±0.3 10±0.3 
20 46 50 -14 
60 250 500 1000 2000 3000 3500 
19±0.5 13:::0.3 10:i:0.3 16±4,9 4±0.2 ?:tO.I 17± 1.3 
5±0.l 3:?;0.o7 2 ±0,08 4± 1.2 l ± 0.06 2 :?;0,04 4±0.3 
1-lo±J.4 17:?: l.O 7±(-) 4± l.0 J±0.3 4 ::0.l 4:::0.07 
37±08 4±0.3 2±(-1 1±0.3 l ±0.07 l:::O.oJ l :?:0.02 
ll 43 57 78 55 b4 80 
60 70 80 100 150 
9±0.3 6±0.6 14±0.2 II ±0.1 10±0.3 
2±0.07 I ±0,2 3±0.04 3±0.0) 3 ±0,07 
24±0,8 24±3.0 23:i:0.7 12 ± 0.3 24:?;0.6 
b:i:0.2 6:?;0,7 6±0,2 3:?;0,07 6±0.2 







60 70 ~o 100 250 
15±0,2 2J±ll.1 24:?;0.2 16:i:0.2 6±0,2 
4::0.06 S :?;0.03 6±ll,04 4:i:0.1 2 ±0,04 
SO± l.O 32:?;0.4 90±0.3 43 ±0.S 11 :::OJ 
13:?:0,2 S ±0.l 23±0.07 11±0.1 3 :t0.07 
23 41 21 27 36 
60 70 ~o 100 
24± 1.0 19 :;:0.2 13 ±0.I 7 ±0.I 
6± 0.3 5±0.04 3 :t0.04 2:?:ll.O) 
31 ;::0.3 6± 1.3 18±0.I 19±1-1 
8=1).08 IS:tO.J S:::0.03 5:tt-i 
44 25 42 26 
upper 300 m. Table 3 shows a significant decline in this fraction from 69°-~ nearshore to 
3i 0 ~ in mid-o~ean, with an increase upon approaching the European coast. This trend 
receives some support from WHEELER f 1976), who reported a decrease in high molecular 
. weight carbohydrates with increasing distance from shore. The coastal values we observed 
were consistent with values of 66°~ from Narragansett Bay, Rhode Island (BURNEY and 
S1EBURTH, 1977) and 64°·0 from a New England salt marsh in summer (BURNEY, unpublished 
data). 
An appreciable amount of living bacterioplankton biomass occurs throughout oceanic 
waters (Tables ➔ and 5), even at abyssal depths. Bacterioplankton ATP ranged from ➔ to 
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cells ml - 1 based upon the ATP : cell carbon : cell number ratios reported by HAMIL TON and 
HOLM-HANSEN ( 1967). but corrected for the order of magnitude smaller cell volume of the 
dominant minibacteria (HOPPE, 1976: WATSON er al., 1977). Bacterioplankton ATP in this 
study is in the same range as the total particulate ATP of the aphotic zone observed by 
HOLM-HANSEN (1973) and KARL, L.\RocK, ivloRSE and STURGES (1976). Our estimates also 
agree with those based on microscopic counts (V1NOGRADOV. G1TELZON and SOROKIN, 1970: 
SOROKIN, 197la,b,c; HOBBIE, HOLM-HANSEN, PACKARD, POMEROY, SHELDON. THOMAS and 
WIEBE, 1972; HOBBIE, DALEY and JASPER, 1977: ZIMMERMAN and MEYER-REIL, 1974; 
WATSON et al .. 1977) and the Linw/11s amoebocyte lysate titration for lipopolysaccharide by 
the latter investigators. The slight but statistically significant vertical variations in the living 
bacterioplankton biomass are consistent with those observed in the studies cited above. 
Bacterioplankton ATP accounted for 3 to 80°0 of the total microbial ATP. averaging 
30~0 for the photic zone and 40°~ for the aphotic zone. The only similar estimates of the 
bacterioplankton as a fraction of the total microbial plankton were reported by FERGL'SON 
and RUBLEE ( 1976) for the shallow coastal waters of North Carolina: they ranged from 4 to 
25° 0 with a mean of 9°·~-Their values are based on fluorescent direct counts of acridine 
orange stained preparations to estimate bacterial carbon and ATP values to estimate total 
plankton carbon. The value probably underestimates the bacterioplankton as the 0.45-µm 
Sartorius membranes they used would lose a significant portion of the smaller cells 
(WATSON <:?ta/., 1977). 
The carbohydrate and DOC profiles ( Figs 3-8) are apparently governed by the activities 
of the planktonic communities. Peaks in one or more of the carbohydrate fractions 
occurred at depths characterized by devated > 3-µm (protist) ATP and a 
chlorophyll a/protist ATP ratio of less than 2.5 [Figs 5(A J. 20 m: 5( Bl, 60 m: 6(A ). 30 m: 
7(A). 40m: 7(8), 20m, 80m: 8(A). 20m. 40m: 8(8). 20m. 40m]. The two exceptions 
[Figs 51A). 60 m, and 6(8), 20 m] have bacterioplankton maxima that could have 
prevented the accumulation of carbohydrates. ATP peaks with chlorophyll al> 3-µm ATP 
ratios less than 2.5 may indicate accumulations of microzooplankton. This number was 
calculated from a carbon/chlorophyll a ratio of 100. which usually is not exceeded in 
phytoplankton (STRICKLAND and PARSONS, 1968: EPPLEY. HARRISON. CHISHOL.\1 and 
STEWART, 1977). and a carbon/ATP ratio of 250 (HAMILTON and HOLM-HANSEN, 1967). 
Ratios less than 2.5 would indicate an accumulation of microzooplankton because there 
would be insufficient chlorophyll a to account for the > 3-µm ATP if the population were 
primarily phytoplankton. FALKOWSKI and STONE (1975) obtained chlorophyll a,ATP ratios 
between 7 and 20 (w/w) from cultures of Skeleco11ema cosrawm grown under varying 
temperature and light regimes. Similar observations by SAKSHAUG t 1977) and SAKSHAUG 
and HOLM-HANSEN ( 1977) yielded ratios greater than 2.5 for Asterionella japonica and 
Pal'/orn (Monochrysis) luclteri (except during a period of possible cell fusion in Pariol'a ). 
Skt!leco11ema cultures also gave values greater than 2.5 except during periods of sexual 
reproduction. growth at low temperatures. and extreme nitrogen starvation. 
Several of the carbohydrate peaks also occurred with phaeopigment maxima or low 
chlorophyll a/phaeopigment ratios [Figs 3, 20m: 4. 20m: 5(8). 60m: 7(8), S0m] 
indicative of chlorophyll degradation by zooplankton (LORENZEN. 1967) and providing 
further evidence for the association of feeding with carbohydrate accumulation. The fact 
that this association does not occur in every case is not necessarily damaging to the 
hypothesis because preliminary results of BURNEY ( unpublished data) indicate that a marine 
ciliate (l'ronema) can feed voraciously on Isochrysis. releasing carbohydrates and 
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decimating the culture without forming particulate phaeopigments in excess of the control. 
These possible microzooplankton accumulations occurred most often at 20 to -+Om and are 
reminiscent of the bioluminescence profiles reported by Y1NOGRADOV er al. ( 1970). which 
also showed peaks at these depths that did not correspond to the chlorophyll distribution. 
Our qualitative microscopic obst!rvations made both at sea and on shore coupled with the 
reproducibility of replicate ATP analyses on 145-ml unconcentrated samples indicated that 
microzooplankton, which consists primarily of protozoa (BEERS and STEWART. 1971 ; 
SOROKIN. 1974; V1NOGRAoov. SHUSHKINA and KuKINA. 1976), were responsible for these 
ATP peaks. A variety of oligotrichous ciliates including tintinnids were present in 
detectable numbers. Net carbohydrate accumulations. possibly associated with 
protozooplankton. were most often in the form of PCHO although notable MCHO 
releases [especially Fig. 8(A ). 40 m] did occur. Many of the depths apparently dominated 
by protozooplankton also showed large DOC accumulations. indicating the release of 
other soluble organic substances in addition to carbohydrates. BARBER t I 967 l determined 
extremely high DOC concentrations (5.4 mg C 1- 1 ) in a bloom of the ciliate Cyclocrichium 
me1111ieri off the coast of Peru. 
Even though there appears to be considerable evidence associating protozooplankton 
activities with carbohydrate release. a second possible explanation of the data exists. 
SAKSHAUG and HoL\1-HANSE:-; ( 1977) have shown that nitrogen limitation leads to low 
chlorophyll, ATP ratios (approximately unity) in Skeleronema cultures. Although this was 
not found with the flagellate Pavlova. if this phenomenon were a characteristic of the 
phytoplankton in the present study, it could explain the occurrence of carbohydrate peak., 
with low chlorophyll a/ATP ratios, because nitrogen depletion is known to lead to a rapid 
production of carbohydrates by phytoplankton l MYKLESTAD and HAUG, I 972: SAKSHAUG, 
MYKLESTAD, KROGH and WESTIN. 1973 ). This explanation cannot be ruled out but is 
considered unlikely. especially where large DOC and/or phaeopigment accumulations 
occurred. 
The relationship between the phytoplankton maxima (as indicated by the chlorophyll a 
profiles) and the carbohydrates is not so clear-cut as desired because the presence of 
microzooplankton cannot be excluded. However. the depth of the chlorophyll maximum at 
the neritic stations was not marked by carbohydrate accumulations in the daylight casts 
[Figs 3. 4. 5tA J. 6(A )]. In some cases the lowest carbohydrate values in the euphotic zone 
occurred at the chlorophyll a and O ~ maxima [Figs 4 and 6(...\ )]. This may be related to the 
finding that excretion of organic matter by phytoplankton as a per cent of fixation is 
inversely related to chlorophyll a concentration (SAMUEL, SHAH and FOGG, 1971: THOMAS. 
1971; IGNATIADES, 1973 ). The possibility that release did occur but not in excess of a closely 
coupled bacterial uptake cannot be excluded but appears unlikely because the distribution 
of bacterioplankton ( < 3-µm ATP) does not follow that of chlorophyll. The predawn 
carbohydrate profiles from the neritic stations lack significant features at the depth of the 
chlorophyll a maxima. In contrast to the neritic areas, the open ocean profiles ( Figs 7 and 
8) show evidence of net carbohydrate accumulation during the day at the chlorophyll a 
maximum occurring as PCHO in Fig. 7(A) (80 m) and a mixture in Fig. 8(A) (80 m). There 
is also a slight but significant increase in bacterioplankton biomass at these depths. unlike 
the neritic stations. This may be indicative of senescent phytoplankton because it is known 
that senescence leads to greater extracellular release of organic substances (IGNATIADES and 
FoGG, 1973) and a decreased inhibitory effect upon bacteria (DROOP and ELsoN. 1966). 
Although a bacterioplankton maximum occurred once with a carbohydrate peak during 
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the day [Fig. 6(A), 30 m], this was not usually the case. Conversely. maxima in bacterial 
biomass occurred several times with carbohydrate minima [Figs 3, 40 m; 5(A ). 60 m; 6( B ), 
10 m] indicating that uptake and growth have taken place. Evidence of bacterial influence 
on the carbohydrate distributions is also obtained from a comparison of their diurnal and 
nocturnal profiles. In Figs 6. 7. and 8. the MCHO profiles in each pair are almost identical 
except for the large and statistically significant lP ~ 0.05) peaks [ Figs 6(A ). 5 m. 10 m, 
30 m; 7(A), 40 m; 8(A), 40 m, 80 m] that occurred during the day and seem to be reduced 
to a threshold concentration at night when the profiles smoothly decrease with depth. This 
does not appear to be due to sampling of different water masses or to patchiness because 
these would introduce randomness irrespective of time of day. Nocturnal uptake by 
bacteria of the diurnal carbohydrate accumulations seems a more reasonable explanation. 
Even the occasional nocturnal peak [Fig. 7(8), 80 m] seems to be related to other 
biological parameters. as already discussed. No basis exists for attributing these peaks to 
contamination. The Niskin bottles were rotated between casts except when diel 
comparisons were made. In these cases, the same bottles were used at the same depths in 
both casts. It is improbable that the bottles would be contaminated only during the day . 
. The same conclusions can be reached from an examination of the diel changes in the 
PCHO and TCHO profiles; however. they are more complex and often show large 
nocturnal increases possibly due to PCHO release. Still. the paired casts in Figs 7 and 8 are 
very similar except at the depths that show increased biological activity. 
If one calculates apparent heterotrophic uptake rates from the diel changes where large 
daytime carbohydrate accumulations disappear at night. values up to 5 µg C 1- 1 h - 1 ar;: 
obtained. These are one to two orders of magnitude greater than traditionally accepted 
open oceanic rates (VACCARO er al.. 1968 ), but they may be closer to the actual in siw 
activities than estimates obtained in small volume, non-diffusion. batch cultures isolated 
from the environment (SIEBURTH. 1977). More reliable estimates must await the results of 
close-interval sampling and diffusion culture studies of both the phototrophic and 
heterotrophic components of the picoplankton and nanoplankton now in progress . 
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